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The subject of this research was an experimental 
study of the development of chocolate aroma during the 
commercial processing of cocoa beans. The components 
of unroasted Accra cocoa beans have been fractionated, 
and the various groups of substances obtained tested 
for the development of aroma when roasted. The results 
obtained provide further evidence of the Involvement 
of simple amino acids.reducing sugars and flavanolds 
in the formation of the primary aroma of chocolLte 
products.and a mechanism for the formation and mixing 
of these substances during cocoa fermentation is 
described. Model mixtures of those compounds have been 
examined in order to assess the extent of the contri- 
bution of individual compounds to the production of 
the aroma.
The reaction of these model mixtures have also 
been examined under the conditions obtaining durlr^ 
commercial bean roasting»and combined gae chromatography* 
mass spectrometry has been used to compare their 
volatile reaction products with those present in roasted 
cocoa beans. The results of these studies indicate 
the importance of the natural environment of the precursors 
in the control of the extent of subsequent reactions, 
and the consequences of the dry state reaction conditions 
in this respect. Various types of compound formed in 
these reactions are described and their possible 
importance in the recognition of chocolate aroma is 
discussed.
The experimental results are discussed in terms of 
literature surveys of the current state of knowledge of 
both chocolate aroma development.anti the aroma potential 
of amino acld~rsduiing sugar reactions.
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AINTRODUCTION
Chocolate derives its characteristic flavour 
and aroma as a result of two fundamentally important 
stages in the processing of cocoa beans. The first of 
these.fermentation or curing,is effected in the tropics 
where the beans are grown. The other is accomplished 
in the factory where ths fermented cocoa beans are 
roasted. Both of these processes are based on 
traditional methods which have slowly evolved in the 
way characteristic of many food processing operations.
In consequence of this type of development.fundamental 
knowledge of these processes is lacking and they are 
subject to the most arbitary methods of control.
Cocoa.the raw material of the Industry,is an
important commodity,to which the economies of some tropical
countries owe their stability. Despite this,cocoa prices
fluctuate extremely rapidly1 and appear to defy the2normal economic laws of supply and demand . During the 
season IS67-68, 1.3 million tons of raw cocoa passed 
through world markets,at an estimated cost of £320 V1.
The cost on converting this raw material into 
a saleable product is high,and a great deal of capital 
is necessarily tied up in its production. Modern industrial 
trends demand a high level of automation and quality 
control.and these in turn depend on a sound 
theoretical knowledge of the raw material, and the 
changes which it undergoes during processing. The
2dependence on traditional methods, and the haphazard 
way in which raw material is grown and cured can only 
increase the difficulties of the chocolate industry, 
again emphasising the need for fundamental studies.
Much effort has already been expended on 
the study of these problems, and the results will be 
discussed in subsequent sections of this thesis.
About I960 a new approach to the study of flavour 
chemistry began to gain prominence and applied 
particularly to pyrolytic flavours. This approach 
which involved the study of flavour precursors had 
been previously applied to cocoa roasting , and was 
extended by a small team at the British Food 
Manufacturing Industries Research Association to the 
whole sequence of cocoa processing  ^  ^> *•
The early results were encouraging, and 
suggested that cocoa was particularly suited to this 
type of investigation. The two distinct phases in 
the production of chocolate aroma were extremely 
important in this respect, since it appeared that 
fermentation gave rise to the production of the aroma 
precursors, and roasting with their reaction. 
Additionally, these results clearly implicated amino 
acids and reducing sugars in the aroma production, 
and suggested it may be possible to isolate the 
precursor systems.
It was against this background, and as a 
continuation and extension of these studies, that the 
present project was conceived.
f i
Aiwa. AND OBJECTIVES
This was an industrial project, and unlike 
many projects of a purely academic nature, beset with 
many possible digressions. Because of this, it was 
considered inadvisable to attempt to define its 
direction too rigidly in the initial stages, but 
rather to follow the course of its natural development, 
while adhering to the mainstream of industrial interest. 
Nevertheless, this was a fundamental study of the 
chemistry of cocoa processing and its aims may be 
summarised as follows ......
To study the chemistry of the development 
of aroma in cocoa beans, with particular reference 
to the precursors of the aroma; To study the nature 
and reactions of these precursors under the conditions 
obtaining during the commercial roasting of cocoa, and 
to attempt to produce an integrated picture of flavour 
and aroma development during cocoa processing.
As the project developed, these aims were 
interpreted as implying a two part objective. Firstly, 
the isolation and characterisation of the aroma 
precursors, and secondly the obtaining of inform tion 
on the reactions of these precursors (basically amino 
acids, reducing sugars and flavanoids) under the 
conditions of cocoa roasting. This twofold division 
of objectives has been used in presenting this report.
How these objectives have been partially 
fulfilled foras the basis of subsequent discussions, 
but more significantly these should also indicate the 
many avenues of research into this product which remain 
unexplored. There can be little doubt that these will
1ultimately lead to a deeper understanding of the 
nature of the flavour and aroma constituents of 
chocolate, and the optimum conditions for their 
production.

INTRODUCTORY SURVEY
A) ThanhroMA Cacao ! The Raw Material
Cocoa beans, the raw material of the 
chocolate industry, are the seeds of the botanical 
species Theobroma Cacao , a member of the natural order 
Sterculiceae. This tropical plant is believed to have 
originated in the Amazon Basin, and was known to the 
Aztecs who used it to prepare a simple, but highly 
prized beverage. Today cocoa is an important 
agricultural crop in West Africa, South and Central 
America, and parts of equatorial Australasia. The 
majority of this crop is cultivated by peasant 
farmers, on comparatively small holdings, using 
primitive plantation methods.
The fruit or pod of the cocoa tree consists 
of comparatively thick husk containing some 30-40 
seeds, which are encased in a mucilaginous pulp. These 
beans or seeds are arranged around a central fleshy 
placenta, and the pulp consists essentially of some 
85$ water with cellulose, sugars and citric acid. The 
pod varies in size and shape in accordance with its 
botanical type, but the West African Amelonado, which 
is the most common, is yellow when ripe, and of almost 
melon-like appearance.
The bean itself consists of a skin or shell 
which represents some 10-14$ of the dry bean, and a 
dicotyledonous kernel. The dry beans weigh approximately 
one gram, and it is the kernel which is used in 
chocolate manufacture. The colour of this kernel varies 
with the subspecies of the cocoa; forestero cocoa, the
11
major variety, being characterised by its purple 
bean, which changes colour to brown during fermentation. 
The other principal group, the Criollo Cocoas are 
implemented. Many hybrids of these varieties exist.
A representitive composition of the raw 
cocoa bean kernel is shown in table 1.
I *
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Fat................... 50?b
Protein............... 10#
Amino acids.•••••••••• 1.5%
Carbohydrates.•••••••..15#
Purines ..•••••••• 2#
Tannins.  ...... 15#
Uncondensed
Polyphenols  ..... 8#
B) Cocoa Processing i Fermentation and Drying.
The fermentation and drying of cocoa represents 
the most important stage in the processing sequence, 
since unless the raw material is correctly fermented it 
is quite unsuitable for the manufacture of chocolate. 
Unfortunately, since the majority of cocoa is still 
fermented by peasant farmers, it remains a primitive and 
haphazard process, and is less subject to control than 
any subsequent stage.
11
Fermentation Is accomplished on the peasant
farm by heaping the contents of the pods on the ground,
or on a layer of plantain leaves. The heap is covered
with further leaves to protect it from the weather, and
is mixed at intervals. The size of the heap, the
duration of fermentation, and the frequency of mixing
depend largely on local tradition. Ghanian, forestero
cocoa is ideally fermented for six days, with thorough
7mixing every 48 hours. After fermentation in this 
manner, the beans are spread in the sun to dry.
As might be expected, most studies of cocoa 
fermentation have been made in the tropics, and a 
number of new methods of fermentation and drying have 
been devised. The majority of these methods are applic­
able only to larger plantations and central fementaries,8 Qand have been reviewed by Rohan and Wood .
The fermentation of cocoa beans is of such 
importance that a knowledge of the chemical and biochemical 
changes involved is essential to a full understanding of 
aroma and flavour formation. These changes may be 
summarised in the following manner......
The freshly harvested cocoa beans are 
characterised by highly pigmented cells dispersed in 
the cellular matter of the cotyledons. These cells are 
known to contain anthocyanins, catechins, leucoanthocyanins 
and purines, and constitute some 10% by weight of the 
beans, during the early stages of fermentation, sugars 
contained in the pulp which surrounds the beans, undergo
i i
alcoholic fermentation,anc a spontaneous rise in 
temperature occurs. This temperature rise and the 
simultaneous production of acetic acid results in the 
death of the bean (as measured by loss of germinating 
power). Following this,the pigment cells lose their 
semipermeable characteristics and their contents 
diffuse into the surrounding area. This diffusion 
appears to be essential to subsequent aroma production, 
and brings together the spatially separated enzyme 
systems and their substrates.
The most important enzyme reactions so far 
examined in cocoa are proteolytic decompositions, 
glycosldic hydrolysis 0* anthooyanins,and the enzymic 
oxidation of polyphenols.
There is evidence that two distinct phases 
occur during cocoa fermentation,and these must occur 
in the correct sequence for the development of cocoa 
favour and aroma. During an initial anaerobic phase 
the glycosidase and protease systems appear to operate 
with maximum efficiency,while it is during the 
subsequent aerobic phase that the polyphenol oxidase 
reactions occur.
This view of fermentation derives from theastudies of Bohan , and is supported by similar studies 
of da Witt10 and Holden11.
In a previous study of the changes of possible
cocoa aroma precursor systems,Bohan and Stewart have
shown that two possible classes of aroma precursors
(the amino acids and the reducing sugars) are formed
5 6during fermentation * . The maximal concentration of 
these suostances in the oeans appeared to coincide with
iSL
the optimal duration of fermentation, and it was 
suggested that proteolysis was responsible for the 
increased concentration of the amino acids. The 
rate and extent of this reaction, thus appeared to 
have greater importance than was assumed by earlier 
investigators 12 *
It was similarly suggested that the reducing 
sugars were produced during cocoa fermentation by 
hydrolysis of sucrose originally present in the 
fresh beans, glucose and fructose being produced by 
this procees^* A further source of glucose may also stem 
from the action of the glycosidase systems on the 
anthocyanin pigments.
Many previous studies of the chemistry of 
cocoa fermentation have laid great emphasis on the 
changes in polyphenol composition that occur during 
this process. This emphasis derives from many sources, 
not the least of which is the fact that the colour 
changes which result from the oxidation of the 
anthocyanins are widely used as the criterion of 
fermentation. It is, however, the possible role 
of the polyphenol compounds as aroma and flavour 
precursors which makes their study of importance in 
the present context.
In contrast to the amino acids and reducing 
sugars, the overall concentration of the simpler 
water-soluble polyphenols falls during fermentation, 
although the concentration of the tannins and other 
polymers increases to some extent. Estimates of the 
total polyphenol content of unfexmented cocoa beans
li
cover the range 28.9 - 12.1#, while the range for 
fermented beans is 12.0 - 2.4# (expressed in terms 
of fat-free kernel)1 .^
The polyphenol constituents of raw 
forestero cocoa can be subdivided into five main 
groups,
1) Anthocyanins
2) LeucoanthocyaninB
3) Catechins
4) Phenolic acids and simple phenols
5) Tannins and condensed phenols
Aafluaacanlas
The anthocyanins are responsible for the 
purple colour of the unfermented beans, and it is the 
colour change associated with their destruction which 
is often taken as the criterion of fermentation. Beans 
which contain more than 10# of the original anthocyanins 
may generally be considered poorly fermented, andOproduce inferior cocoas •
The anthocyanins are rapidly destroyed during 
the initial anaerobic phase of fermentation by the 
action of the glycoeidases. Further losses also occur 
subsequently due to the action of polyphenol oxidases and 
by exudation into the testa1 .^ The fate of the correspond­
ing anthocyanidins is not known, but presumably these 
are lost be the same mechanisms.
3otarabinosidyl eyanidin chloride, 3P - D 
galactosidyl eyanidin chloride and a third anthocyanin 
with the properties of a eyanidin di-glycoside were 
identified by Forsyth and Quesnel1 ,^ and confirmed by 
Griffiths1® and Kohan1 .^
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Catechlns
The hulk of this fraction Is (-) oplcatechln 
although catechin, gallocatechin and epigallocatechin 
are also present *
A gradual loss of epicatechin during
fermentation to a final concentration of 1 - 2% of
-xthe beans was observed by Forsyth and Rombouts .
This loss was ascribed to exudation rather than
reaction, although a further loss during drying19observed by Rohan  ^suggests that polyphenol oxidase 
systems are also responsible. The other cateohins 
showed similar decreases.
The epicatechin content of fat-free cocoa
20mass falls in the rage 0.2 - 0.4% •
Leueoanthocyanins (flavan 3*4. diols), are 
structurally similar to the catechins, and at least 
four compounds of this type are present in cocoa beans1 .^ 
The changes in the concentration of these compounds dur­
ing fermentation have been described by Forsyth and*Rombouts . Generally their concentration increased
slowly to a maximum value at ca. 2 days, and then fell
slowly. A further 40% reduction in the concentration
of these compounds was observed during the drying
stage, although the final concentrations were very 19variable •
The structures of the cocoa leueoanthocyanins 
have not been completely elucidated, although Forsyth1^
la
The chemistry of cocoa fermentation has beenOreviewed by Rohan , and Finke has tabulated the data of 
various authors on the ohanges in polyphenol 
concentration during processing .
All these studies indicate that the fermentat­
ion and drying of cocoa beans results in a progressive 
loss of simple polyphenols, due both to the action of 
enzyme systems and by exudation* This results in 
reduction of the astringency of the beans, changes in 
their colour, and increases in the concentration of the 
tannins* At least two groups of soluble polyphenols 
appear to remain in appreciable quantities after 
fermentation and drying; the catechins and the 
leucoanthocyanins•
It is also conceivable, in terms of these 
studies to postulate that the fermentation of cocoa 
involves a compromise between a suitable reduction 
in astringency and a certain residual level of 
polyphenols, in addition to the production of amino 
acids and reducing sugars* The significance of this hypo­
thesis will be apparent in later discussions.
COCOA PROCESSING : COMMERCIAL LiOA STING
The commercial roasting of cocoa beans 
represents the second stage in chocolate aroma 
development and apparently has two objectives; the 
production of the desired flavour and aroma, and the 
removal of cocoa shell. The shell of the cocoa bean 
is a woody material, which is difficult to grind, and 
can impart a gritty taste to the finished product.
Roasting makes the shell more friable, dries the
22
mucilage which sticks it to the kernel, and generally 
facilates its removal in the subsequent winnowing
stage.
The condition of commercial cocoa roasting 
vary enormously, depending on the individual 
requirements of the manufacturer, and the type of 
roaster available. Different roasting conditions 
may in fact be used by the same manufacturer to 
achieve subtle flavour differences, and for different 
varieties of cocoa beans. The control of this process 
is almost invariably in the hands of an experienced 
workman, who uses purely subjective methods of assess­
ing the product. Current industrial trends mitigate against 
this practice, and strengthen the need for more 
objective methods of control. The technological details 
of cocoa roasting have been described by a number of
pa pC.authors and the process is the subject of a27recent review '.
In most modem processes, roasting is 
effected by passing a stream of heated air or burnt 
fuel gas over and through a batch of beans. The 
temperature of the inlet gas can range from ca 100°C 
to 200°C, and the roasting times can vary from a 
few minutes to several hours. For a basic cocoa, a 
temperature of ca 14~ C maintained for 30 - 60 minutes 
could be considered a normal •medium* roast.
The chemical changes which occur during 
the roasting of cocoa beans are complex, and often the 
subject of divergent views. From the standpoint of
£1
subsequent discussions the following are held to bo 
the well substantiated facts pertaining to this 
process*
During roasting, moisture and other 
volatile substances are lost from the beans, and many 
chemical changes occur. In consequence of these 
moisture changes, and the poor heat transfer 
characteristics of the cellular material of the 
beans, these changes occur under non-equilibrium 
conditions. Since the groat majority of the enzyme 
systems are rendered inviablo by heating at normal 
cocoa bean roasting temperatures these changes must 
also be essentially non-ensymic. Additionally, of 
course, the beans are sterilised by roasting.
In addition to the chemic.'1 changes, 
considerable changes in the physical structure of the 
beans may occur during roasting, and these may again 
reflect on the chemical changes. Particularly 
important in this respect is the further rupturing of 
cell walls, and the melting of the fat of the beans 
(cocoa butter). This molten fat can provide an 
important reservoir of lyophilic solvent within the 
bean during roasting.
Finally, but most significantly, it Is 
during this stage that the characteristic aroma and 
flavour of chocolate are developed.
Many other changes have been suggested, 
although with a few possible exceptions, these require
2g
further investigation* In terms of aroma production, 
two further classes of chemical change are held to be 
Important. These changes in acidity and in the 
concentration of amino acids and reducing sugars.
Acidity changes occurlng during cocoa
bean roasting have been examined by Diemair, Acker28 29and Langer , and Rohan and Stewart . The results
of these studies were complex, and suggested that the
changes of free and combined acids were closely
related. Losses in free volatile acidity occured
quite rapidly after an initial induction period,
although these losses were smaller than often
presupposed.
The destruction of both amino acids 30,31»32
and reducing sugars ^3»34 aiso been observed
during cocoa bean roasting, and it has been suggested
that these changes, coupled with the production of these
compounds during roasting strongly implicate them32in aroma production"^ •
Bailey et have identified a number of
aldehydes among the volatile constituents of chocolate
and ascribed their existence to a Strecker degradation
of the amino aeids • They did not, however, suggest
the nature of the degrading agent, although similar
studies of Pinto and Chichester have provided further30evidence for the involvement of reducing sugars*^  •
COCOA PROCESSING : P0ST-R0A3TII,:a CHANGES
Following roasting, cocoa shell is winnowed 
away from the roasted kernels, which are then reduced
aby grinding to a semi-fluid paste (cocoa mass). This 
paste is re-milled, and mixed with sugar (Sucrose ca 
50#), and further cocoa butter (expressed from another 
batch of cocoa mass). The product of this operation 
(chocolate liquor) is the material from which most 
chocolate products are made.
After refining, chocolate liquor is 
frequently subjected to a further process, known as 
conching. This consists of kneading and aerating the 
molten liquor for a period which may extend for up to 
120 hours. It is claimed that this process is 
essential to high quality chocolate production, and 
considerable reductions in astringency, acidity and 
viscosity result. Important aroma changes are also 
claimed^.
It now seems fairly certain that conching arose 
as an extension of refining in the early days of 
chocolate manufacture, although it is also suggested 
that it represents a continuation of the roasting 
process. The chemical and physical changes which 
occur during conching are little understood, although 
a number of comprehensive studies of the process have 
been made '*.
Recent developments, and in particular the 
development of the B.F.M.I.R.A. *new chocolate making 
process* must cast certain doubts on the necessity of 
conching although it seems possible that the 
divergent views on this subject may eventually be 
reconciled in a compromise.
PREVIOUS STUDIES QF COCQA AROMA D TO LQ JM Lt
Although many investigations into the 
nature and foxmation of chocolate flavour and aroma 
have undoubtably be made, in many cases the results 
are not made generally available in the scientific 
press. This is quite natural, but makes assessments 
of the current state of knowledge extremely difficult.
The first recorded reference to this
subject was due to bainbridge and Davies In 1912,
who Identified 10 components of ’the volatile
aroma complex** .  During the next forty years
developments in this field were extremely slow,
although a few papers appeared between the wars^’^ 1.
The advent of gas chromatography and allied
instrumental techniques has done much to increase
the flow of scientific papers in this field the
work of Mohr^ Bailey et ^  * ,  Rohan^, and Pinto 30and Chichester , being particularly important in 
this respect.
In 1964, the publication of Dietrich et 
of a list of 72 volatile constituents of cocoa flavour^ 
marked the beginning of a sucession of similar public­
ations from many sources ^5,46,47,48^ ^ese have since 
increased the number of known volatile constituents of 
the volatile aroma complex to some 250 compounds. A
list of these compounds has been recently published by 49Rohan , who points out that despite this impressive 
list, the basic problems of aroma development In 
cocoa remain unsolved.
£1
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With the exception of the publication of 
Dietrich et &i,t *11 the papers referred to above appeared 
during the period In which this report was being 
prepared and perhaps serve to indicate the impetus this 
subject has acquired in this short period. Indeed, 
it is quite possible that many of the problems raised 
in this thesis have already been solved, for such is the 
nature of industrial research. It can only be hoped 
that this somewhat brief survey does justice to the 
vast amount of work that has already been done in the 
field of cocoa chemistry, and what follows may add 
some small contribution to its results.
RESULTS ASP PI3CP33I0H 
Preliminary fractionation of the aroma precursors.
Any attempt to isolate and identify the 
aroma precursors of a natural product involves two 
fundamental assumptions. Firstly the 'the aroma* 
is a characteristic property of a compound or group 
of compounds which can be recognised when these.are 
isolated. Secondly, it must also be assumed that 
the 'aroma precursors' are a further group of compounds 
which, by their reaction, can produce all that is 
necessary for the recognition of 'the aroma'. These 
assumptions apply not only to pyrolytic aromas as 
encountered in cooked foods but also to the natural 
aroma of fresh fruits for example which are formed 
enzymatic liy. In this latter case the precursors 
are the enzyme and its substrate. Such assumptions 
serve to define the problem, and Indicate the 
preliminary investigations that are necessary to a 
study of this type.
26.
The approximate validity of the two basic 
assumptions, as applied to chocolate aroma and its
precursors, has been previously demonstrated by both*50 *5Rohan , and Forsyth and Rombouts , who have shown
that chocolate aroma could be produced by heating
methanolic extracts of unroasted oocoa beans.
This observation has been confirmed and 
extended by the present study, during which Accra 
cocoa beans were fractionated by the scheme shown 
diagrammaticnlly in firmre 1, each fraction obtained 
being tested for its ability to develop chocolate aroma.
FIOUHB 1 ; Scheme used to fractionate unroastod beans.
Ground Unroasted 
Cocoa Beans
Methanol/Water
Methanol/Water Methanol/Water
soluble insoluble
fraction \  fraction
Dialysed \
Diffusate N on-d inly sable
fraction
\  Treated with cation
r-
\ exchange resin 
9  ■ "iBasic fraction Acidic and Neutral
(adsorbed) fraction
£2
The fractions obtained by this method were freeze-dried 
to remove any traces of solvent or other volatile 
materials and standard methods were developed for 
roasting these fractions and assessing the aromas 
produced. These methods are described in the experi­
mental section of this report.
In addition to testing the chocolate aroma 
potential of Individual fractions,at every stage 
aliquots of; the fractions were combined in their 
original proportions and similarly tested. This 
served to confirm that no cricical chemical changes 
had occured during their separation.
The results of these assessments are shown 
in table 1, which quite clearly demonstrates that 
some important ’precursor factors’ were separated by 
the cation exchange resin.
M E t  A.
Aroma assessments of the fractions
Fraction AKPffla.
Methanol/Water soluble...... ••••• 100
Methanol/Water insoluble.••••••••• 0
Diffusate 100
Non-dialysable ••••••«•••••••••••• 0
Basic fraction  .......  0
Acidic and Neutral fraction 29
Reconstituted dialysable fraction. 54
Basic fraction plus authenticglucose ...... 80
a... Percentage of panelists identifying chocolate 
aroma of roasted sample (see experimental section)
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At this stage it appeared possible that the 
precursors included the amino acids (which would be 
adsorbed by the resin) and the reducing sugars. This 
assumption was partially confirmed by the demonstration 
that the cocoa aroma potential of the •basic fraction* 
could be restored by the addition of authentic glucose 
to this fraction before roasting (table l).
Further confirmation of the role of glucose 
was provided by paper chromatography of the ’acidic 
and neutral* fraction which showed this to contain 
appreciable ouantitles of both glucose and fructose, 
together with a large number of polyphenolic compounds. 
The acidic and neutral fraction had previously been 
broken down into its constituents which were identified 
and although the separation was successful from the 
chemical standpoint the two fraction could not easily 
be evaluated organoleptically by virtue of the influence 
of the reagents employed in the separation. Attention 
was therefore, focussed on the basic fraction, and a 
detailed examination of this was undertaken.
Analysis, of the 'basic fraction’
In order to obtain sufficient material for 
a detailed analysis, and to increase the statistical 
significance of the results, a number of preparations 
of the 'basic fraction* were made using the method 
outlined above. This method was also scaled-up to 
obtain a ’basic fraction* corresponding to an original 
one hundredweight of raw cocoa. These samples all 
gave high chocolate aroma scores when roasted with 
glucose (table 2), and were used in the original
analyses of amino acid composition. Portions of the 
large scale extract were used for all other examinations.
The large scale basic fraction was a guniny, 
brown solid, and extraction with ether gave a free- 
flowing powder, which also gave a high chocolate aroma 
score when roasted with glucose. The ether extract 
(ca 0*5$ w/w) was examined by I.R. spectroscopy, and 
a simple spectrum was obtained. This was subsequently 
identified as that of silicon grease, which presumably 
had been Introduced into the sample during preparation.
Amino acid composition ■
The free amino acid composition of the basic 
fractions were determined using an amino acid autoanalyser 
and the amino acid content was similarly determined 
after a 24 hour acid hydrolysis.
Basic fractions of unfermented Accra cocoa, 
and the beans of the genetically related species 
'Theobroma Herannia* were also prepared, and their 
free amino acid compositions compared with that of 
fermented cocoa. T.Herannia beans do not produce 
chocolate aroma when roasted.
The relative proportions of the free amino 
acids in the four basic fractions examined (table 2) 
were in reasonable agreement, although the large scale 
extract contained substantially greater amounts of the 
more basic amino acids. These are generally the most 
slowly eluted from the cation exchange resin, and this
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difference was probably due to the practice of collecting 
the effluent from the column until its pH reached 10.
Since all four basic fractions gave satisfactory chocolate 
aromas when roasted with glucose,it appeared that this 
difference was evidence for eliminating the basic amino 
acids from the important aroma precursor fraction.
Seven amino acids (valine,iso-leucine,leucine,
tyrosine,phenylalanine,lysine and arginine) were present
in significantly greater amounts in the basic fraction
of fermented Accra cocoa,than in unfermented cocoa or T.
Herannia. Two of these acids,valine and leucine,have been
previously reported to give a chocolate-like aroma when
51roasted with glucose
Table 2
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Amino acid compositions of the basic fraction!
®i B2 *3 B4 B5 H UF TH Bmean
ASP 21 20 18 25 21 52 205 260 21 ±4
THE 20 19 22 24 12 31 85 170 20*8
SEE 19 19 23 25 15 33 77 84 20*5
GLU 35 35 37 53 54 71 650 120 45*JO
PRO 36 35 40 45 24 40 305 97 36±12
Gly 7 6 5 10 7 21 0 15 7*3
ALA 83 80 90 104 58 63 508 162 84*26
VAL 53 53 52 60 45 79 117 83 53*8
iLEU 32 32 31 32 34 46 127 61 32 *2
LEU 100 100 100 100 100 100 100 100 100
TIE 30 30 30 30 37 42 95 51 32*5
FHE 55 58 53 51 70 ' 74 62 84 58*12
NH^ 250 205 86 149 39 227 320 222
LYS 11 10 8 11 73 27 63 91 26*47
HIS 0 0 1 3 19 7 87 25 6*13
AEG 9 8 1 5 13 26 0 48 9±4
Aroma
Score 83 75 86 77 73 - — 0
a... All values related to leucine taken as 100 on a molar 
basis
B j ..small scale basic fractions (B^  & B0 repeat 
analysis of same extract)
B,. .... *large scale* basic fraction
H  24 hour hydrolysate UF .. .Unfemented cocoa
TH...T. Herannia
13__ ... Mean value for basic fractions and maximummean
variation.
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A comparison of the free amino acid composition 
of the basic fraction with that of the hydrolysed 
material showed that the hydrolysable material 
contained substantially larger amounts of glycine, 
and glutamic and aspartic acids than the free amino 
acid portion. However, it should be remembered that 
such a comparison takes no account of the amino acid 
degradation which can occur during prolonged hydrolysis 
of peptides.
Portions of the hydrolysate also gave positive 
reactions for sugars with anthrone reagent, and for 
reducing polyphenols with Bartons reagent. The sugars 
were chromatographed on thin layer sheets, and on 
paper. The composition of the irrigating solvents are 
given In table 3. The sugars were revealed by spraying 
the chromatograms with a diphenylamine/aniline phosphatec preagent , and it was concluded that the hydrolysate 
contained traces of glucose not present in the 
unhydrolysed material. Thus either the peptide 
fraction contained glucoproteins or their degradation 
products, or glycosidic materials such as nucleosides, 
glucosamines, and anthocyanins. The complete absence of 
phosphate in basic fraction eliminated nucleotides and 
sugar phosphates as the source of this glucose.
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labia 5.
Chromatography of the sugar of the hydrolysate
Hf
•Eastman' thin- 
layer sheeta
Hf
•Whatman' No. 1 
chromatography paper*3
Authentic
Glucose 30.9. 10.0.
Sugar ex 
Hydrolyeate 28.4. 10.0.
a.••.Irrigated with N. propanol, Ethyl acetate, Water 
(70 : 20 i 10 v/v)
b....Methyl ethyl ketone, Acetic acid, Saturated boric acid
(i : 1 i 1 v/v) a<*
The total nitrogen content of the other 
washed basic fraction was determined using a standard 
Kjeldahl procedure, and the amino nitrogen and total 
amino acid nitrogen contents were calculated from the 
amino acid analysis of the hydrolysate.
The basic fraction was also quantitatively 
separated into 'amphoteric* and *non-amphoteric’ 
fractions as a further means of determining its compos­
itions. These fractions, which were obtained by us? of an 
anion exchange resin system, had previously been shown 
to be unsuitable for organoleptic assessment. However, a 
comparison of the weights of the two fractions provided 
further information on the composition of the basic
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fraction, and provided a source of the more basic 
material*
The ’amphoteric fraction’ (adsorbed on both 
cation and anion exchange resins), was eluted from the 
anion exchange resin as its ’hydrochloride*. After 
weighing the freeze dried material, the chloride 
content was determined by a standard Volhard analysis. 
This was used to calculate the corrected weight of the 
fraction, and also to estimate its acid combining weight.
The total nitrogen content of the whole basic 
fraction, the amino acid content of the hydrolysate, 
and the weight of the amphoteric fraction obtained, 
suggested that the basic fraction contained approximately 
75% of amino acids and peptides. The acid combining 
weight of the amphoteric fraction (l51g/molo of acid) 
was in reasonable accord with this estimate.
a a a J U.
nitrogen Values of the fractlono
B5 H ba ®NA.
Relative weights 100 75 20
Total N. 11.72 11.72 - 16.8
Ot Amino N. 4*80 - - -
Total amino N. acid 5.02 10.0. mm mm
Amino acid %w 32.0 65.4 mm 0.0
Acid comb, weight — — 151 —
Ash 6.42® - - -
Phosphate NIL NIL — —
B5... Whole basic fraction. H...corresponding hydrolysate 
B^... ’amphoteric fraction’ U.rA ’Non-amphoteric fraction’ 
a...Ash of large scale basic fraction not representitlve
see text.
The free amino acid content of the basic 
fraction as determined by the autoanalysis was ca 32$ 
and a calculated nitrogen balance showed that the 
residual 25$ of the basic fraction unaccounted for 
in terms of amino aoids and peptides contained ca 16.8. 
nitrogen. This wan in accord with the expected overall 
basicity of the ’basic fraction*.
Equating the *non-amphoteric fraction* (20$ 
of the basic fraction) with this theoretical residue 
(25$ of the basic fraction after accounting for the 
amino acids and peptides), suggested that the basic 
fraction had the following overall compositioni-
Free amino acids 32$
Peptides etc. 43$
Other basic materials 25$
The non-amphoteric material did not contain 
phosphates, and the residues obtained by the ignition of 
the small scale basic fractions (0.83$) suggested that 
only a low level of inorganic contaminants were present. 
However, the ignition of a portion of the large scale 
basic fraction gave an abnormally hi^i residue (6.24$)
In an attempt to remove this inorganic material, a 
portion of this fraction was exhaustively extracted with 
dry methanol. The methanol soluble material gave an even 
higher residue on ignition (9*1$)t indicating that 
methanol-soluble metal complexes were present. The 
green residue was found to contain copper ions, and it 
was concluded this contamination had arisen by the 
scavanging of heavy metal ions from the large volumes of 
water (ca 100 galls) necessarily used in the preparation 
of the fraction on this scale. This probably partly
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accounts for the 5# discrepancy observed during the 
•nitrogen balance*.
The non-amphoteric portion of the basic 
fraction was tested for nitrogen content, alkalinity, 
amino acids and amines using standard micro-analytical 
techniques# Portions were also chromatographed on 
•Eastman* thin layer sheets and paper using the solvent 
systemsi-
a) 2# Acetic acid in water
b) n* Butanol, Acetic acid, Water (60*15*25 v/v)
The resultant chromatograms were developed 
with a wide range of reagents, including a series of 
polyphenolic responsive reagents previously described 
by Rohan and Connell^* As a result of this examination 
it was concluded that the basic fraction contained 
three principal non-amphoteric components*
1) A compound, which had zero Rf in both 
chromatographic solvents examined. It reacted with 
both vapour and Barton's reagent, but did not react 
with other polyphenol reagents.
2) A nltrogeneous water-soluble base of 
appreciable strength (a basic reaction could still be 
detected after running in solvents containing acetic 
acid), This compound could be detected with I2 vapour 
and indicators, but did not react with ninhydrin or 
phenolic reagents.
3) A third compound present in smaller amounts 
than the other two components, which behaved similarly
to the second, but was sli^itly more mobile in the acidic 
solvents.
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The fraction as a whole was strongly basic,
and gave a positive reaction for tertiary amines when
5 Awarned with citric acid and acetic anhydride . It was 
contaminated with traces of the original amino acids, 
particularly the more basic acids, and gave a weak 
U.V. fluorescent streak in both chromatographic solvents.
The chromatographic properties of the three 
major components of the non-amphoteric fraction are shown 
in table 5* Table 5
ChromatoCTaphv of the 1 major components of the 
non-amhoterlc fraction
Component Solvent system
(Rf and intensity with 1« vapour)
BuOH, HOAo, H20 . 2$ HOAcaq
A 0 strong ^strong
B ^•°strong ^strong
C 49*°weak 92-°v. weak
Apart from component A, this material gave no 
other indications of containing flavanoid compounds, 
although it was later concluded that these may have 
been present in the norwunphoteric fraction. Such 
compounds were later shown to be destructively poly­
merised by treatment with an anion exchange resin.
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In terms of the apparent importance of the 
•basic fraction* of Accra cocoa beans to the development 
of chocolate aroma, these overall results of the 
preliminary analysis were somewhat disappointing, 
although a number of salient points had emerged.
It was apparent that the chocolate aroma 
precursors, could be represented by a group of water- 
soluble compounds of comparatively low molecular 
weight, most of which could be adsorbed on a cation 
exchange resin. Clearly glucose and perhaps other 
reducing sugars, wero required for the production of 
chocolate aroma, and the free amino acid composition 
of the other operative fraction was also known* 
Furthermore, the considerable variations in the amounts 
of the more basic amino acids in the four basic fractions 
examined (all of which gave similar aroma scores), 
suggested that these may not be necessary for chocolate 
aroma development.
Advantage was taken of this fact in the 
preparation of a synthetic mixture of amino acids for 
comparison with the basic fraction. The more basic amino 
acids were omitted from this mixture. These are normally 
only available commercially as hydrochlorides, and it was 
demonstrated that the use of such salts results in the 
production of hydrochloric acid during roasting. The 
composition of this synthetic mixture was based on 
the mean amino acid composition of the basic fractions 
and is shown in a later table (table 7).
When this synthetic mixture of amino acids 
was mixed with glucose and roasted under the standard
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conditions, a panel score of exactly 50# was obtained#
This was considerably less than the 75# positive 6core 
which was arbitarlly chosen as an indication of 
ood chocolate aroma in the original separation, and 
the 73 - 80# obtained for the basic fractions#
Nevertheless, it seemed to indicate that the synthetic 
mixture contained many of the necessary components of the 
complete chocolate aroma precursor mixture.
Other factors were clearly lacking, and 
accordingly further attempts were made to isolate these 
from the large scale basic fraction*
The evidence for the involvement of the flavanolds.
On the basis of previous studies of cocoa chemistry 
(see introductory survey) there was reason to suspect 
that flavanoid compounds might contribute to the 
production of chocolate aroma. hile very few compounds 
of this type are truly basic, it appeared possible that 
certain classes of flavjuioids might be absorbed by the 
cation exchange resin used to prepare the basic fraction.
This could have occured both by physisorption, and by 
virtue of their abilities to form •oxonium* ions with 
strong acids eg the anthoeyanin pigments occur naturally 
as chloride salts, which have •oxonium' structures 
related to flavylium chloride.
In the light of these considerations a number 
of methods of fractionating the basic fraction were 
examined, with particular emphasis on the possible 
contributions of compounds of this type. As the results 
of these studies accumulated the evidence for the involve­
ment of the flavanoids increased, and the methods used were
more specifically orientated towards their separation. 
Separation of the basic fraction on -iephadex.
Separation on Sephadex columns depends 
primarily on molecular size, and materials are 
generally eluted from columns of this material in 
order of decreasing molecular weight. The limitations 
of this method of molecular separation are generally 
the small amount of material that can be separated 
on a column of reasonable size, and the length of 
column required for the separation of compounds 
of very similar molecular weight.
An aqueous solution of the basic fraction 
(0.5g/5nil) was separated into seven overlapping 
bands on a column of Sephadex 0.25. These bands were 
identified by continuous monitoring of the effluent 
with a U.V. scanner at 280 ran, and their relative 
proportions and properties are shown in table 6.
These components overlapped to some extent and their 
division into bands tended to be rather arbitary.
The corresponding aliquots of the effluent were bulked 
and freeze-dried.
42,
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rrAalVLS.
.tirtaAnga
Fraction A B C D B F 0
Tubes No 20-30 31-43 44-47 48-51 52-60 61-73 77-90
Coloura D.B. L.B. L.B. L.B. C C C
pHb 10.1 10.0 9.8 9.5. 0.8 8.1 8.0
Relative
amounts 1 2 4 2 Trace only
Ninhydrin0 0 2 4 4
Barton*sc 3d2e 3 1 3
Anthronec 0 0 0 0
a...•D.u. dark brown b... solutions as collected
L.B. light brown d... methanol solubles
C colourless e... methanol innolubles
c... visual colour intensities 0 no reaction 2 medium
1 weak 3 strong
4 intense.
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Fraction A could be further divided into methanol 
soluble and insoluble fractions. The methanol insoluble 
material did not react with ninhydrin reagent, but 
when pyrolysed it produced volatile bases. This was 
presumably the largest molecular weight fraction and 
was possibly a tanned peptide or proteose.
Fraction B was poorly defined and appeared 
to contain substances intermediate between those of A 
and C with considerable overlap.
Fraction C contained the bulk of the amino 
acids, but an analysis showed that the proportions of 
the acidic, basic and aromatic acids were lower than 
those of the original basic fraction (table 7) Traces 
of flavanoids were also present. This material gave a 
chocolate aroma score of 55% when roasted with glucose.
This score was similar to that of the synthetic mixture of 
amino acids and glucose previously examined (50%), and 
tended to confirm that the basic amino acids made little 
contribution to the aroma score at this level of response.
Fraction D from the Sephadex column also 
contained amino acids and apparently larger amounts 
of flavanoids than the previous fraction. However, 
when these two fractions were combined and roasted 
with glucose only a 28% positive response was obtained.
This result was somewhat surprising, since it suggested 
that certain types of compound could reduce the aroma 
score of the amino acid-glucose systems. Since this 
fraction was eluted after the bulk of the amino acids 
(average molecular weight 150), any flavanoid material
a(average molecular weight by definition greater than 
207) it contained was clearly different from that 
contained in the earlier samples (see table 6).
The amounts of the other fractions obtained 
were extremely small, and it is suggested that these 
probably contained the bulk of the aromatic amino 
acids, which would give abnormally high responses to 
the U.V. monitor used.
Table 7.
Amino acid compoaltlons .of. ..subtractions
Bmean Gseph S CNA
ASP 21 7 19 24
THR 20 18 22 13
SEE 20 21 22 18
GLU 45 7 41 72
PRO 36 38 40 24
GLY 7 5 6 9
ALA 84 85 87 77
VAL 53 47 53 51
ILEU 32 36 31 31
LEU 100 100 100 100
TYR 32 5 29 4
PHE 58 27 54 13
LYS 26 2 0 78
HIS 6 0 0 14
ARG 9 0 0 0
Bmean..mean basic fraction 6 ^ •fraction C from sephadex
S ...Synthetic amino acid mixture
°HA' *.material not adsorbed on activated charcoal*
MSeparation of the basic fraction on charcoal.
An aqueous solution of the basic fraction 
was passed throu^i a column of activated acid washed 
charcoal *. After washing this column with water until 
the effluent ceased to give a positive reaction to 
ninhydrin, the adsorbed material was eluted with acetic 
acid (20$ in water) Both the adsorbed and non-adsorbed 
materials were separately freeze-dried.
The non-adeorbed fraction co tained the bulk 
of the amino acids (table 7)f although there appeared to 
be some selective retention of the aromatic amino acids, 
phenylalanine and tyrosine (of Robson and Sellm 9^). The 
flavanoid content of this material was low, and an 
aroma score of 58$ was obtained when this fraction was 
roasted with glucose.
The material adsorbed on the charcoal gave an 
intense blue colour with Barton’s reagent, suggesting a 
high flavanoid content. When this fraction was added 
to the synthetic mixture of amino acids and glucose, 
and the mixture roasted, aroma scores of 72$ and 78$ 
were obtained on replication. The material adsorbed on 
the charcoal therefore contained substances capable of 
increasing the aroma score of the model system, and 
obviously contained a number of flavanoid compounds.
Unfortunately, the flavanoids of this fraction 
could not be characterised, and again it appeared that 
considerable oxidative polymerisation had occured during 
the preparation of this fraction. More direct methods 
of isolating these compounds were therefore examined.
fllTOct axnmlnntlon of the flavanoids.
The flavanoids were directly extracted into 
ethyl acetate from a solution of the basic fraction 
in dilute hydrochloric acid* Similar extracts were 
made from an acidified aqueous extract of whole cocoa 
beans, and the 1acidic and neutral* counterpart of 
the basic fraction* These extracts were examined 
chromatographically on paper using a number of 
solvent systems (table 8)
The flavanoid extracts all showed the 
ability to increase the score of the synthetic amino 
acid-glucose mixture, although it was again apparent 
that considerable polymerisation had occured during their 
preparation. Further separation of the flavanoids of the 
basic fraction, showed that this contained some 0.6% of 
acetone insoluble material, which could be recrystallised 
from ethanol/water mixtures. This was identified as 
theobromine by standard microanalytical techniques. This 
identification was confirmed by comparing its I.R. spectrum 
(as a nujol mull) with the authentic material.
Despite the difficulties in characterising the 
polymerised flavanoids whi h appeared to be formed during 
these extractions, the fact that these products could 
enhance the aroma of the synthetic mixtures was itself 
significant. Since it could be argued that similar 
polymerisation may occur during the roasting of cocoa 
beans, it followed that the aroma enhancement may not be 
reduced by reaction in this way during roasting. It also 
suggested that this property derived not from some 
specific flavanoid compound, but from a property of such 
compounds which could be retained during polymerisation.
The ability to reduce Barton’s reagent (Fe^ / Fe(CN)g^) 
was obviously one such property.
i i
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Table .8.
ChromatoCTaBhy of the flavanolds of the basic fraction
Compound Rf In solvent No Visual Spots
intensity developed
1 2 3 4
B5 Beans
with.
Unknown A 100 0 0 0 3 1 v (3)
BR (W)
Unknown B 80 47 61 87 4 ? BR (S) 
PNA
Unknown C 41 28 52 27 2 0 UV (V) 
BR (V)
Unknown D; 92 65 80 100 2 0 UV (M) 
BR (V)
Bpieatechin 56 28 45 66 0 4 BR (3)
Chierogenic acid - 86 83 «• 0 2 UV (3)
Tyrosine - 100 100 - 2 2 Hinhydrin 
BR (W)
Solvent l...n BuQH, HQAc,H20 (4»l,5»v/v) V visible 
Solvent 2.•.Water BR Barton’s reagent
Solvent 3.#.10$ HOAc in water PNA diazotised p-nitro 
Solvent 4*..iFrOHfH20 (l,4#v/v) aniline/KagCO^
UV...ultraviolet light
a. •• .based on maximum response with any indicator 
O..not detected, I just visible.•••.••4 intense
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When the results of these studies were 
considered as a whole (see the comprehensive table 
of assessments that concludes this section), it 
was possible to distinguish three or possibly four 
factors which contributed to the production of 
chocolate aroma. These vere, in order of the certainity 
of their contribution:-
a) Reducing sugars (R), for which glucose was apparently 
a satisfactory model compound, although other sugars 
present in the beans may also make a separate contribution.
b) Amino acids (a ), for which the synthetic mixture of 
amino acids could act as a satisfactory model*
c) Flavanoids or compounds closely related to flavanoids(F) 
These could not be closely defined, but presumably were 
common to both the materials adsorbed on charcoal, and
the materials extracted with ethyl acetate.
d) An ancillary aroma factor (B), which apparently varied 
with the extent of fractionation of the beans, and 
perhaps represented the contribution of substances 
present in the unroasted beans to the overall aroma effect. 
However, this was little more than an interlectual concept 
which was advance to explain the gradually falling aroma 
scores of the initial fractionation.
It was considered reasonable to assume 
tentatively, that all four precursor factors were maximal 
in the unroasted beans as evidenced by the score of 
100# obtained when this was roasted. The methanol 
extract and its diffusate gave lower scores when roasted 
and it is tentatively deduced that this corresponded 
with a reduction in the ancillary aroma factor (B) since
4§
the other factors appeared to be materially unchanged. 
Extensive fractionation of the beans further reduced this 
score, as was evidenced by the even lowere score (ca 80#) 
obtained for the basic fractions.
The purely synthetic mixture of amino acids 
and glucose contained only contributions from factors 
A and R, and this gave an aroma score of exactly 50#. 
Similar scores were also obtained by roasting both 
Fraction C of the Senhadex separation, and the basic 
fraction after extraction of the flavanoids on charcoal. 
These again appeared to contain mainly contributions 
from the same two factors.
Addition to the synthetic mixture of amino 
acids and glucose of either the material adsorbed on 
charcoal or the flavanoids extracted with ethyl acetate 
increased its aroma score# The charcoal adsorbed 
material was the most effective and restored the panel 
score to the level of the basic fractions. This was 
tentatively associated with a supposed increase in 
the flavanoid factor (F).
When the materials roasted contained only 
the amino acids (eg the basic fraction without glucase), 
or sugars and flavanoids (eg the acidic and neutral 
fraction), the chocolate aroma scores were uniformly low.
The only exception to this classification 
was the score of 29# recorded when the combined 
Sephadex fractions C and D were roasted with glucose.
A possible explanation of this discrepancy has already
been discussed*
The possible involvement of the flavanoid 
compounds may explain a number of outstanding questions 
which had been raised during the course of this study.
Rohan found that a precursor concentrate would not 
give chocolate aroma after ethyl acetate extraction, 
and indeed the general similarity of amino acid 
composition of many foodstuffs, and the 'uniqueness* 
of chocolate aroma are not easily reconciled in tenns 
of simple amino acid-reducing sugar reactions. The 
involvement of flavanoids in the aroma production of 
the flavanoid-rich oocoa beans would conveniently 
resolve this disparity.
Qualification of the 'precursor factors' ta uae. of 
MODEL SYSTEMS.
In the light of this evidence for the involve­
ment of amino acids, reducing sugars and flavanoids in the 
production of chocolate aroma, it was considered 
desirable to attempt to further qualify these groups 
and to determine the extent to which individual compounds 
contributed to the production of chocolate aroma.
There wore two main areas in which this appeared 
especially important; the flavanoids and the amino acids.
In order to compare the aromas produced by 
roasting these systems, it was considered necessary to mod­
ify the system of scoring the aromas, and a new system of 
assessment was devised. This involved assessing the 
aromas on a four point scale, which ranged from 0 
(aroma unrelated to cocoa/chocolate) to 3 (good cocoa/ 
chocolate aroma). The individual scores of the panel 
were averaged to give a comparative figure.
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Commercial chocolate samp3.es, which were 
randomly submitted to the -panel during this investigation 
consistently scorod. 2.0 on this scale (similar to cocoa/ 
chocolate). When a number of the samples of the initial 
fractionation were re-prepared and reassessed on both, 
this and the previous seals the correlation between 
the two systems was reasonably good (figure 2)
2.
R^&tionshj.p_between the., two systems of aroma scorinv
Chocolate aroma score (2nd System)
a) The flovonotcl contribution
The known polyphenolic constituents of cocoa
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beans have already been discussed in the introductory 
survey and it is apparent that these are both numerous 
and complex.
All polyphenols which can function as 
chocolate aroma precursors obviously have some common 
features, and the recognition of these would be an 
important step towards a knowledge of the primary 
aroma consituents. Unfortunately, the majority of 
the simpler phenolic substances which could be used as 
structural models for the flavanoid precursors have 
pronounced phenolic aromas, and hence are unsuitable for 
use in organoleptic studies of this type. The 
flavanoids themselves, with a few exceptions, are 
expensive, or not commercially available in the quantities 
required. The obvious source of compounds for this 
examination was thus the beans themselves or some other 
plant material*
Flavanoids carefully extracted from cocoa 
beans were separated into five groups on the basis of 
solubility using a method previously described by 
Rohan and Connell‘S. The fractionation scheme used 
is shown diagrammatically in figure 3* The composition 
of the groups of flavanoids obtained were examined by 
the chromatographic methods described by these authors 
and their results were generally confirmed. Bpicatechin, 
the major flavanoid of the fermented cocoa bean, appeared 
to be confined to those fractions obtained by ether 
extraction of aqueous solutions (Fractions IV and V).
These flavanoid materials were roasted with 
the synthetic mixture of amino acids and glucose, and the 
aromas developed were assessed according to the system
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described above. The results of these assessments 
provided further evidence for the involvement of 
flavanoids in the production of chocolate aroma (table 9)
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S io u x  3-
g-tlon of the flavanold fjouna of c o tio n bonns.
Ethyl acetate soluble material
Triturated with acetone.
Soluble
Acetone/CHCl^
Inso:.uble
CHCl^
Insoluble Soluble
CHCl^/Cu^CO.CH^
• ^ iInsoluble Soluble
CHCl^/CH^CO.CH^
I *  ..... iInsoluble Soluble
Fraction III 
(Leueoanthocyjinins)
Insoluble 
Fraction 1
Soluble
IFraction 11
(onthocynnins) (lupines)
Dissolved in dll. KaHCO^.aq 
extracted with ether
Water layer
HCloq
ether extraction
i
Bther layer
Fraction IV 
(flavanolo)
Water layer Ether layer
Residual 
Fraction VI
(Phenolic acids) 
Fraction V
Sable 9
The affect of additions of flavanolda to the synthetic 
mixture of amino acids and -lucoec.
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Fraction
a
added
Aroma assessments 
1st Fractionation 2nd Fractionation,
Roast 1 Roast 2 Roast 1.
Ethyl acetate 
solubles
I
III
IV
V
VI
authentic
Bpicatechin
Quercetin
Chlorogenic
acid
2.3
1.7
1.3 
1.2 
1.9
1.7
1.7
1.0
1.2
1.9
1.0
1.4 
1.7
1.5 
0.3
1 .8
1.4
1.2
Catechol 1.0*
a.....Fractions added in I/I w/w proportions
b.....Panel commented on phenolic overtones.
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The results of the two fractionations of 
the ethyl acetate soluble polyphenols were somewhat 
disappointing due to the lack of consistency between 
the aroma scores of corresponding fractions. However, 
the reproducability of the two assessments of 
the different roasts of the same fractions was good, 
thus indicating that the difficulty may have been 
incomplete separation of the fractions. This was 
not altogether unexpected, because of the known 
similarities of the flavanoids. Nevertheless, since 
the aroma score obtained by roasting the synthetic 
mixture without any phenolic addition was 1.2, it 
was again apparent that a number of flavanoid groups 
were capable of increasing this score.
The difficulty in isolating the polyphenols 
unchanged was a major problem and, in order to expedite 
this examination the effect of authentic epicatechin was 
examined (table 9)* The results obtained appeared to 
amply justify this rational short-cut.
Repeated assessments of the effect of 
adding authentic epioatechin to the synthetic mixture 
of amino acids and glucose produced a series of 
positive identifications of chocolate aroma.
(27/34 or 79$ on the first scoring system, 1.7 on the 
second system) This was exactly the same score that 
could be obtained by roasting the original basic 
fraction with glucose. Thus clearly, epicateohin 
could function as a satisfactory model compound for 
the 'flavanoid factor' in the production of chocolate 
aroma.
Possible qualification of the amino acid 
composition necessary for the production of chocolate 
aroma had previously been partially provided by a 
comparison of the amino acid compositions of the 
various fractions which gave a score at the 50# 
level when roasted with glucose* The contribution 
of individual amino acids to chocolate aroma was 
examined by roasting with glucose (l/l H) and with 
glueooe-ecicatechin (l/l/l M) respectively.
The results of these studies are shown in a 
comprehensive table (table 1©) which concludes this 
section. Three amino acids, valine leucine and alanine 
gave scores greater than unity (aroma reminiscent of 
cocoa/chocolate) when roasted alone with glucose.
Valine gave a score greater than 2,0 (aroma similar 
to cocoa/Chocolate), when epicatechin was also present. 
This score was greater than that obtained when commercial 
chocolate samples were similarly assessed. The synthetic 
mixture of twelve amino acids (see table 7) also gave a 
hi$i score (1,7) when roasted with glucose and epicatechin 
although this suggested some amino acids could detract 
from the aroma score.
These observations confirmed the previous 
observation of Herz and Schallenburg*^ that valine and 
leucine could give a chocolate-like aroma when roasted 
with glucose.
As a result of this study three amino acids 
emerged as possible important contributors to chocolate
5£
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aroma production viz alanine, leucine and valine. 
Interestingly, these were three of the simplest 
structural types of amino acid and together made 
up ca 36% of the total amino acid of cocoa beans 
(table II). It is also of Interest that while 
alanine apparently only gave a reasonable chocolate 
aroma in the presence of epicatechin, the aroma of 
valine was considerably improved, and that of leucine 
slightly reduced in its presence. Iso-leucine which 
is structurally similar to these amino acids gave an 
even lower aroma score. These relationships are 
explored more fully in part 2 of this report.
Repeated assessments of the aroma score of the 
valine-glucose-epicatechin system confirmed this to be 
2*1, and a similar score was obtained for a valine- 
glucose-fructose mixture.
The flavanoid precuisor could, therefore 
function in two wayst-
a) Enhancement of the aromas produced by these systems.
b) Suppression of other undesirable aromas.
Each of these functions could operate 
simultaneously although the fact that the score 
observed with the mixture of twelve amino acids (1*7.) 
was lower than that of the glucose-valine-epicatechin 
system appeared to favour the second possibility.
Before discussing the implications of these 
results more fully, it is necessary to consider the 
way in which these precursor systems are distributed in 
cocoa beans, since this has some relevance to the overall 
conclusions.
Location of the precursors within the beans
At the end of the tropical fermentation process 
the moisture content of the whole cocoa beans isoapproximately 60$ ,and in large heaps of fermenting cocoa 
the temperature rises to approximately 50°C. During this 
stage in processing the water soluble components of the 
beans will be in solution in the aqueous fluid which 
develops in the folds of the cotyledons. It seemed likely 
that this solution could provide the necessary vehicle 
for the mixing of the precursor systems. This hypothesis 
was tested by roasting a freeze-dried sample of this fluid 
specially obtained from Ghana. This was obtained by 
pricking the shells of a large number of freshly fermented 
beans after 3 days fermentation,and pressing out the fluid. 
This was protected by the addition of a few drops of 
toluene,and immediately shipped. On arrival in this country, 
the material was immediately freeze-dried and roasted. The 
roasted material gave a powerful aroma of chocolate,and 
obtained an aroma score of 100$ (2.0 on the second system), 
confirming the original hypothesis.
The Implications.
Unfortunately,the results of this study of 
chocolate aroma development are much less revealing than 
they may at first appear. Although there can be little 
doubt that mixtures of simple amino acids with glucose 
and epicatechin can produce a chocolate-like aroma 
when heated, it cannot be infered that they are soley 
responsible for the production of chocolate aroma.
Nor can it be claimed that this aroma in any way
2§
resembles that of a completely rounded chocolate 
aroma.
Unlike other properties of matter,like colour 
or temperature,aroma can not at the oresent time be 
defined In physical terms and has no significance 
outside the sensory response It produces, Because 
of these limitations on the measurement end definition 
of aromas,the significance of a study of t^ia type 
relies almost entirely on the methods used to assess 
the aromas.
It was for this reason,that the questions 
used in obtaining the aroma scores were kept deliberately 
simple,and were as definitive as possible* Nevertheless, 
the results obtained pose two further questions ; what 
did the assessors understand as cocoa/chocolate aroma, 
and can the extent of the contribution of the simpler 
systems be related to the total chocolate aroma 7
The first of these questions is fundamental 
to any aroma study,but Is extremely difficult if not 
not impossible to answer. Clearly what is required is the 
equivalent of a statistical 'confidence level' for the 
aroma scores obtained. In a study of the present type, 
such statistical treatments have no reel significance.since 
if a particular assessor considers that a certain aroma 
recalls or resembles a particular product,this can not 
be affirmed or denied,neither is the answer correct or 
incorrect. Statistical studies would have been possible 
if the object of this study had been to match two chocolate 
aromas.
Clearly all the volatile constituents of 
chocolate products make some contribution
22
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to the total aroma, and hence any part of that aroma 
cannot be equated with the whole. The •standard* of 
the assessor in these studies was of a personal nature; 
the amount of olfactory information he or she required 
to recognise an aroma as belonging to an olfactory group 
he or she defined as cocoa/chocolate. This standard 
may obviously vary from individual to individual, and this 
was the limiting factor in all assessments.
The scores themselves, were of two types, 
although clearly they were related. Scores of the 
first type, the percentage of assessors who agreed that 
the samples positively had an aroma of cocoa/chocolate, 
thus represented the extent to which the aroma could 
supply sufficient olfactory information for the 'average* 
assessor to place it within the group cocoa/chocolate.
Thus a score of 80% meant that 80,^  of the assessors consid­
ered that the aroma met these requirements.
Aroma scores of the second type, were even 
more arbitary, since the averaging of individual scores, 
implied that the soale pointings were equally spaced, * nd 
the standards of the individual assessors co-incided. 
However, it seems likely that the assessors would tend to 
oubconslously equate the spaclngs of a scale of this type. 
The distribution of individual scores, is also significant 
and for this reason individual scores are also shown in 
table 10. Careful study of the performance of individual 
assessors, tended to confirm the differences in individual 
'standards* since certain assessors tended to record scores
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fairly consistently either above or below the 'average* 
score obtained for a particular sample.
Despite these theoretical difficulties, the 
experimentally observed aroma scores were remarkably 
consistent. Repeated assessments of commercial chocolate 
samples (presented as unknowns) scored 2.0 ±  0.2 during 
5 panel assessments. This score, was interesting in that 
it suggests that the'average' assessor reserved the 
score 3 (good cocoa/chocolate aroma) even when presented 
with an authentic 'chocolate aroma'. Similar consistency 
is shown In the scores obtained with the various basic 
fractions (table 2), and the two roasts of the flavanoid 
fractions (table 9)
Further confidence in the aroma scores was 
provided in the later stages of this study, when 
roasted samples of valine-glucose-epicateohin were 
presented to 35 people selected at random, who had 
no reason to associate the aroma with chocolate.
When asked which foodstuff the aroma suggested to them 
80$ replied in terms of chocolate and allied products.
Even if it is accepted that systems of this 
type could provide sufficient olfactory information 
for their recognition as part of the overall aroma of 
chocolate, the extent of this contribution was still 
uncertain, and it was apparent that this information 
was not provided by the aroma assessments. All that 
can be done is to consider the relative proportions 
of the possible precursor systems in the unroasted beans.
S L
In order to examine the extent to which the 
amino acids, valine, leucine and alanine could 
contribute to the aromas of the many different types
of cocoa beans, basic fractions were prepared from
as wide a variety as possible and their amino aold 
compositions compared (table II) Comparison of these 
values and the various literature values available 
suggested that the approximate concentrations of the 
compounds implicated in this study are as followsr-
Valine 0.07#
Leucine 0,14#
alanine 0,10# w/w of fat-free
Total amino acids0.94# kernel
Reducing sugars 1*6#
Epicatechin 0.5#
Total polyphenols 7#
The way in which the amino acids and reducing 
sugars can be produced during cocoa fermentation have 
previously been discussed by Rohan and Stewart * .
In the light of the new evidence presented in this 
thesis it is now possible to extend this hypothesis, and 
to postulate a more complete picture of aroma precursor 
development and distribution within the fermenting 
cocoa beans.
In the fresh unfermented cocoa beans, many of 
the important precursor systems already exist, but 
these and other important primary substances are spatially 
separated in specialised cells, eg the pigment cells. 
Similarly, many enzyme systems are separated from their
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substrates.. This type of enviromental organisation is 
an essential feature of all living organisms. During 
the early stages of fermentation, the alcoholic ferment­
ation of the sugars of the pulp, and other fermentation 
processes occasioned by native and air-borne microflora 
produces a rise in temperature within the heap of beans, 
and simultaneously produces aoetlc acid. This results 
in the death of the beans, and their contents become 
more disorganised* Rupture of cell walls, particularly 
those of the pigment cells follows, and an aqueous fluid 
developes in the folds of the cotyledons.
This fluid will hold many of the components 
of the ruptured cells in solution, end can act as a 
vehicle for mixing and bringing together various enzymes 
and their substrates. Under these conditions a number 
of important react* ons can occur. These include 
proteolysis and the hydrolysis of sucrose and glycosidic 
materials such as the anthocyanins• In consequence, 
the concentration of the amino acids and the reducing sugars 
rises. The polyphenolic contents of the pigment cells will 
also dissolve in the inter-cotyledon fluid, and thus 
the three types of aroma precursors implicated in this 
study will come into intimate contact within the 
fomented bean.
As the fomented pulp drains away from the heap 
of fermenting beans, a portion of the intexwjotyledon 
fluid will be lost by exudation, and hence some important
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precursor material may be contained in the 'sweatings*.
Air will also gain access to the beans, and much of 
soluble flavanoid material will be oxidised under the 
influence of the polyphenol oxidases. This oxidation 
will increase the concentration of the condensed 
tannins, and reduce the astringency due to the soluble 
polyphenols. Significantly, two groups of flavanoidsi 
the catechins and the leucoanthocyanins, appear to survive 
this oxidation in reasonable amounts (see introductory 
survey) •
Tanning of proteins by simple phenolic compounds 
may also occur during fermentation, and this may result 
in a relationship between the original polyphenol 
content and the final amounts of amino acids.
In terns of the present findings, fermentation 
is ideally concluded when the concentrations of the 
three precursor systems are optimal. This may also clearly 
be modified by the astringency and colour requirements of 
the chocolate manufacturers.
During the subsequent drying stage it is post­
ulated that the soluble components will precipitate or 
crystallise from the inter-cotyledon fluid as its moisture 
content is reduced. These will deposit on drying, as a 
mixed semi-crystalline solid on the folds of the cotyledons 
where they can react in situ during the roasting process 
to produce the characteristic aroma of chocolate.
This picture of the processes involved in the 
formation of the precursors is based largely on 
experim ntal evidence and provides a useful working
&hypothesis.
To test the validity of this hypothesis 
lies beyond the scope of the present study, but it 
is presented here because it has some relevance to 
the second stage of this study; the examination of 
the reactions of the aroma precursors during roasting.
7
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Table 10.
aQmBJ.ebenBlya.-tab.le of -aroma scores of precursor systems.
Material roasted aroma score No* of assessors scoj£-
1  system 2. in®0 1 2  3
(Commercial
chocolate) 100 2.0 5 20 20 30
V line/glucose/
epicatechin 88^  2. 1 1 12 12 18
Valine/fructose/
epicatechin - 2.1 2 3 2 9
12 amino acids/
glucose/epicatechin0- 1, 7 3 2 6 4
Leucine/glucose - 1. 6 3 3 6 3
Leucine/glucose/
epioatechin - 1. 4 2 6 5 1
Alanine/gluco se/
Bpicatechin - 1. 3 5 3 4 3
12 amino acids/
glucose0 - 1. 3 4 3 3 2
Valine/glucose - 1 . 1 5 4 6 0
Valine/leucine/
alanine/glucose 
(1,1,1, 1 Molar 0.9 5 7 2 1
Cont. over.
Table 10 Continued.
material roasted aroma score
System 1 system 2
i-leucine/gluoose/
epicatechin - 0.4
alanine/glucose - 0.3
Serine/glucose/ 
epicatechin 0.3
Phenylalanine/ 
glucose/epicatechin mm 0.3
GlU/gluco se/EPI - 0.3
PRO/glucose/KPI - 0.3
ASP/glueose/BPI - 0.3
THR/glucose/EPI 0.1
TTR/glucose/EPl - 0.1
PHR/glucose - 0.1
GLU/glucose - 0.1
Exudate of unroasted 
cocoa beans 100 -
Diffusate of unroasted A 
beans 100, 91a -
MeOH/HpO extract of
beans 89 -
Basic fractions/ 
glucose 83,75,86,77,73'
Ro. of assessors 
scoring
0 1 2 3
9 5 0 0
10 5 0 0
11 3 1 0
13 1 0 1
11 3 1 0
11 3 1 0
11 4 0 0
12 2 0 0
12 2 0 0
13 1 0 0
14 1 0 0
Table 10 continued.
Material roasted aroma score system 1.
12 amino acids0/glucose/ 
material adsorbed on char­
coal 78,72
12 amino acids/glucose/flavanoids 
from cocoa 66,66
Basic fraction after removal of 
flavanoids on charcoal/glucose 58
Sephadex fraction C/glucose 55
12 amino acids/glucose 50 (1,3 on system 2)
Sephadex fractions C & D/
glucose 29
Acidic and Neutral fraction/ 
glucose 23
flavanoids ex oocoa 10
basic fraction 0,0,0
Glucose 0
a.•••.assessments on second scoring system
b.«•••special assessment making no reference to chocolate 
(see text p#61.)
C....12 amino acids of synthetic mixture (table 7) 
d....repeated assessments on separate preparations.
TABLE "
Amino Acid Compositions of Different Commercial Cocoa Beans mg Amino Acid/100 g Beans (% molar)
A m i n o  A c i d
A f r i c a S .  A m e r i c a
C a m e r *
o o n s G h a n a K e n y a
I v o r y
C o a s t N i g e r i a U g a n d a
A r r i b a
E c u a d o r G r e n a d a T r i n i d a d
A s p a r t i c  A c i d 26 ( 4 - 3 ) 14 ( 4 - 1 ) 27 (5 - 1 ) 28 ( 5 - 2 ) 22 (3 -6 ) 38 ( 5 - 0 ) 8 (4 - 5 ) 15 ( 4 - 5 ) 19 ( 4 - 6 )
T h r e o n i n e 28 ( 5 - 2 ) 18 (5 - 7 ) 26 (5 0) 26 ( 5 - 3 ) 30 (5 -4 ) 36 ( 5 - 3 ) 8 ( 5 - 8 ) 17 ( 5 - 7 ) 21 (5 -8 )
S e r i n e 22 ( 4 - 5 ) 13 ( 4 - 7 ) 20 ( 3 - 7 ) 20 (4 - 8 ) 24 (4 - 5 ) 26 ( 4 - 2 ) 6  (4 -5 ) 13 (4 - 9 ) 14 (4 -5 )
G l u t a m i c  A c i d 64 ( 9 - 7 ) 34 ( 8 - 7 ) 45 ( 8 - 6 ) 56 ( 9 - 2 ) 72 (9 -4 ) 64 ( 7 - 5 ) 1 9 ( 1 0 -0 ) 36 ( 9 - 6 ) 30 (6 - 8 )
P ro l in e 40 ( 7 - 7 ) 25 (8 - 0 ) 35 ( 6 - 5 ) 44 ( 9 - 4 ) 44 ( 8 - 2 ) 32 (4 - 8 ) 1 5 ( 1 0 -0 ) 14 (4 - 9 ) 31 (8 -0 )
G ly c i n e 6 ( 1 - 9 ) 4 ( 2 - 1 ) 7 ( 1 - 2 ) 6 ( 1 - 9 ) 10 (2 - 7 ) 14 (3 - 3 ) 2 (2 - 1 ) 5 (2 5) 5 (2 3)
A l a n i n e 5 6 ( 1 3 - 7 ) 3 8 ( 1 6 - 0 ) 52 ( 9 - 7 ) 56 (1 5- 4) 64 (15 -1) 6 6 ( 1 2 - 7 ) 1 6 ( 1 4 -1 ) 3 5 (1 5  4) 35 (1 2 -9 )
V a l in e 40 ( 7 - 2 ) 22 ( 7 - 0 ) 37 (7 - 0 ) 36 (7 -4 ) 44 (7 - 7 ) 60 (8 - 8 ) 14 (9 -2 ) 11 ( 3 - 8 ) 27 ( 7 6 )
/ s o- Le u ci n e 26 (4 -4 ) 14 ( 4 - 2 ) 25 ( 4 - 6 ) 24 ( 4 - 3 ) 30 (4 -6 ) 36 ( 4 - 8 ) 9 (5 - 5 ) 14 ( 4 - 1 ) 10 (4 - 7 )
L e u c i n e 8 8 ( 1 4 - 6 ) 54 (15 -3) 8 0 (1 5  0) 76 (1 4 -0 ) 9 0 (1 4 -4 ) 1 1 6 ( 1 5 - 4 ) 2 0 ( 1 1 - 6 ) 53 (15 -8) 5 7 (1 4  4)
T y r o s i n e 48 ( 5 - 7 ) 28 ( 5 - 7 ) 41 ( 7 8 ) 36 ( 4 - 8 ) 46 (5 - 2 ) 54 ( 5 - 2 ) 10 ( 4 - 5 ) 26 (5 - 7 ) 31 (5 -7 )
P h e n y la la n in e 8 0 ( 1 0 - 5 ) 29 (7 - 0 ) 6 8 ( 1 2 - 8 ) 62 ( 9 - 1 ) 76 (9 - 6 ) 9 8 ( 1 0 - 4 ) 16 (8 -2 ) 43 (10 -9) 49 (1 0-4)
Ly si n e 32 ( 4 - 8 ) 20 (5 - 9 ) 32 ( 6 0 ) 24 (4 - 2 ) 30 (4 - 3 ) 50 ( 5 - 9 ) 9 (4 - 1 ) 22 ( 5 - 9 ) 21 (4 -9 )
H is t id in e 8 ( 1 - 2 ) 4  ( 1 - 0 ) 6 ( 1 - 1 ) 6 ( 0 - 9 ) 10 (1 - 3 ) 8 ( 0 - 9 ) 3 (1 - 7 ) 3  ( 0 - 7 ) 6  ( 1 - 3 )
A r g i n i n e 36 ( 4 - 5 ) 21 ( 4 - 5 ) 32 ( 6 - 1 ) 28 ( 3 - 9 ) 32 (4 -0) 56 ( 5 - 7 ) 10 (4 3) 25 ( 5 - 4 ) 25 (4 -8 )
T o t a l 600 338 533 528 624 754 165 332 381
A s i a  A u s t r a l a s i a
G h a n a T h e o -
N e w M e a n s U n f e r ­ b r o m a
A m i n o  A c i d B o r n e o C o l o m b o G u i n e a S a m o a ( %  m o l a r ) R a n g e m e n t e d h e r r a n i a
A s p a r t i c  A c i d 28 (4 - 2 ) 12 (4 - 7 ) 24 (4 9) 27 ( 5 - 9 ) ( 4 - 7 ) 5 - 9 -  3 - 6 7 (4 - 6 ) 18 (9 - 6 )
T h r e o n i n e 34 (5 -5 ) 17 ( 7 - 5 ) 25 ( 5 - 4 ) 23 (5 -5 ) (5 6) 7 - 5 -  5 - 0 8 ( 6 - 0 )  ' 2 3 (1 3  8)
S e r i n e ' 2 2  (4 - 1 ) 9 (4 - 4 ) 20 (5 0) 16 ( 4 - 4 ) (4 - 5 ) 5 - 0 -  3 - 7 4 (3 - 3 ) 9 (6  0)
G l u t a m i c  A c i d 50 ( 6 - 5 ) 27 (9 -6 ) 39 ( 7 - 0 ) 40 (7 - 9 ) (8 5) 10 0 -  6 - 5 3 8 ( 2 2 -0 ) 11 (5 -6 )
Pro l in e 32 (5 - 4 ) 20 ( 8 - 8 ) 20 ( 4 - 7 ) 27 ( 6 - 7 ) (7 - 2 ) 1 0 - 0 -  4 - 8 12 (8 - 7 ) 12 ( 7 - 3 )
G ly c i n e 10 ( 2 - 5 ) 3  (2 2) 9 (3 2) 5 ( 1 - 8 ) ( 2 -3 ) 3 2 -  1 - 2 2 (2 -2 ) 5 (5 - 0 )
A l a n i n e 6 8 ( 1 5 - 5 ) 25 (14 -3) 52 (15 -3) 45 (1 4 -5 ) (1 4- 2) 1 6 - 0 -  9 - 7 18 (17 -5) 1 7 ( 1 3 -4 )
Va l in e 44 ( 7 - 3 ) 23 (10 -1) 37 ( 8 - 4 ) 4 3 ( 1 0 - 3 ) (7 - 8 ) 1 0 - 3 -  3  8 8 (5 - 7 ) 10 (6 0)
/ s o- Le u ci n e 30 ( 4 - 6 ) 15 ( 5 - 9 ) 22 (4 - 5 ) 21 ( 4 - 7 ) • (4 - 7 ) 5 - 9 -  4-1 7 (4 -6 ) 7  (3 9)
L e u c i n e 1 0 8 ( 1 6 - 3 ) 31 (1 2 -4 ) 7 3 ( 1 4 - 8 ) 6 2 ( 1 3 - 6 ) (14 -4 ) 1 6 -3 - 1 1 - 6 7 (4 6) 12 ( 6 - 8 )
T y r o s i n e 52 (5 6) 17 (4 9) 35 ( 5 - 0 ) 33 ( 5 - 2 ) (5 - 5 ) 7 - 8 -  4 - 5 16 (7 -5 ) 8  ( 3 - 2 )
P h e n y la la n in e 9 8 ( 1 0 - 6 ) 18 (5 - 8 ) 57 ( 9 - 8 ) 51 ( 9 - 4 ) (9 -6 ) 1 2 - 8 -  5 - 8 6 (3 - 3 ) 10 ( 4 - 7 )
Ly si n e 42 (5 - 7 ) 13 ( 4 - 5 ) 29 ( 5 - 3 ) 23 (4 -6 ) (5 -1 ) 6 - 0 -  4 - 2 5 (3 - 1 ) 10 ( 5 - 0 )
H is t id in e 10 ( 1 - 2 ) 3  (1 - 2 ) 6 ( 1 - 0 ) 6 (1 - 1 ) (1 - 1 ) 1 - 7 -  0 - 7 8 ( 4 - 3 ) 4 ( 1 - 9 )
A r g i n i n e 48 ( 5 - 5 ) 13 ( 3 - 7 ) 36 ( 5 - 5 ) 26 ( 4 - 2 ) (4 8) 6 - 1 -  3 - 7 5 (2 - 6 ) 19 ( 7 - 8 )
T o t a l 670 246 484 448 469 754-165 151 175
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MFiKPM S lk k
PraHmin«ry fractionation of the iroma precursors.
Scheme used to fractionate vmroasted beans; Finely 
ground unroasted Accra coooa beans (lOOg) vers 
macerated with methanol/water (I 1,80 t 20 y/t ) In 
a Waring Blendor, and the extract removed by filtration.
The insoluble residue was exhaustively extracted with 
further batches of the same solvent. Methanol was 
removed from the original extract by rotary evaporation 
at 40°C., and the resultant aqueous solution was 
dialysed against water (5 I») through Viskin tubing 
for 48 h. The diffusate was freeze-dried. The 
dialysis was continued against running water for a further 
2 days, to ensure complete extraction of the residue.
A column of Amberlite resin IE 120 (H) (20 x 1cm) 
was prepared, and washed sucessively with 2N.HC1q^(100ml), 
distilled water until neutral, methanol/water (80 ; 20 
v/v,50ml), i-propanol/ ater (95 * 5 v/v, 50ml), and finally 
distilled water (100ml). The diffusate of the beans 
(1.5g in 10ml water) was slowly passed throu^i this 
column, which was then washed with the same series of 
solvents, with the exception of the acid. The effluent 
and washings were combined, and the whole freeze-dried 
after removing the alcohols on a rotary evaporator at 
/0°C. The freeze-dried product gave no reaction with 
ninhydrin.
The basic material remaining on the resin 
was eluted with 2N RH^aq, and approximately 100 x 5ml 
fractions were collected. iSaoh fraction was tested with 
ninhydrin reagent (0.1$ in methanol) and Barton's
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reagent (freshly mixed solutions of 1% ferric chloride,
1% K^Fe (CN)gaq). Tubes Nos. 35-65 which contained all 
ninhydrin positive material were bulked and freeze-dried. 
This fractionation scheme is shown diagramstically in 
fig. 1.
A mixture of the basic material (the basic 
fraction) and its acidic and neutral conterpart were com­
bined in their original proportions. This mixture, the 
separate fractions, and portions of the basic fraction was 
dry mixed with authentic glucose AR in a mortar (1 t 1 w/w) 
and roasted. The samples (oa 0.3g) were roasted in small 
disposable aluminium crucibles without lids, by heating 
these for 7 min at 140°C in a small electrically heated 
oven specially made for this purpose. Portions of the 
earlier fractions were similarly roasted.
The roasted fractions were immediately placed 
with their crucibles in standard boiling tubes (1 x 6") 
which were sealed with coxks wrapped in A1 foil. After 
storing these tubes for 24 h., the contents were concealed 
by paper wrappers carrying a letter code, and submitted 
to a panel for aroma assessment.
The pnnel was composed of some 15 members, all 
of whom were accustomed to taking part in organoleptic 
tests. The samples were presented singularly or in 
small groups in a room specially set aside for this type 
of assessment, and panelists smelt each sample by removing 
the cork, and sniffing the contents. No standard samples
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were presented. Panelists recorded their scores on 
individual question sheets which directed them to score 
on the basisI—
No aroma, or aroma other than cocoa/chocolate^.•
....score 0
Definite aroma of cocoa/chocolate...••
••••score +
(If in any doubt please score 0)
term, sqMs
Unroasted Accra coooa beans (l cvt) were 
broken and extracted with water (30 gall). The 
filtered aqueous extract was passed through a column 
of amberlite resin (IR 120 Ht5 kg), the column was 
well washed with water, i-propanol/water (80 i 20 v/v) 
and then fhrther water. The basic fraction was eluted with 
ammonia solution (2 N aq), the effluent concentrated on 
a cyclonic evaporator at 25°C, and the concentrate 
freeze-dried.
aQifl. maladLa*
Solutions of the basic fractions (1% w/v in
0.1. N HOI aq) were analysed using a Technicon amino 
acid autoanalyser. Individual amino acids were 
identified and their amounts determined by comparison 
of retention times and integrated peak areas with 
standard solutions of authentic amino aoids.
nA portion of the basic fraction was hydrolysed 
by refluxing an acid solution (1$ w/v in 0.1. N HCL aq) 
and the amino acid composition of the hydrolysate 
was determined after 24. h. hydrolysis.
Nitrogen Content.
The total nitrogen contents of the basic 
fractions were determined using a standard semi-micro 
Kjeldahl procedure, and the oH araino acid nitrogen and 
total amino nitrogen contents were calculated directly 
from the amino a old analyses described above.
Other determinations
Formation of a blue colour or precipitate 
with Barton's reagent (A freshly mixed solution of 
1$ aq FeCl^ and 1$ aq K^Fe(CN)g) was used as a general 
indication of the presence of polyphenolic compounds, 
and was applied both to solutions and paper chromatograms.
The basic fraction was tested for organic and
inorganic phosphates, by treating with a molybdate/1*2*4
aminonaphthol sulphonic acid reagent according to Fiske 57and Subbarow r both before and after boiling portions 
of a solution with concentrated nitric acid.
The residues were determined after calcining 
known wei^ito of the basic fractions to a constant 
weight of ash in a platinium crucible.
Preparation of amphoteric and non-amphoterlo subtractions
The basic fraction was further separated into 
an amphoteric fraction and an 'amino acid free basic 
fraction using the anion-exchange resin Amberllte
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IRA-400* An aqueous solution of the basic fraction 
(0.18g in 10 ml H20) was passed through a column of 
this resin in its hydroxy form, and the eluate and water 
washings (200 ml) were evaporated to a small bulk at 
50 C. under vacuum. This solution was tested for nitrogen 
content, alkalinity, amino acids and amines using normal 
semi-micro techniques.
The amphoteric material adsorbed on the resin 
was eluted by washing this with HC1 aq (2 N), and the 
effluent and water washings were freeze-dried to re m ove  
all traces of volatile acidity. The chloride content of 
this fraction was determined using a standard Volhard 
analysis,and was used to calculate the corrected 
weight of the fraction. The acid combining weight,
i.e. the weight of the fraction which would combine . 
with one mole of HOI was also determined from this 
data.
The evidence for the Involvement a t flayanpLds, 
Separation of the baalc fraction on sephadfl*.
A solution of the basic fraction in water 
(0.5g/5ml) was separated into seven bands on a column 
of Shephadex G.25 (80 x 4.1 cm). Water was used as the 
eluting solvent with an ascending flow-rate of 54.7ml/hour 
and 100 fractions (200 drops each) were collected. The 
fractions were continously monitored using an automatic 
U.V scanner and recorder operating at 280 nm.
The fractions were bulked into the seven bands
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and freeze-dried. The resultant fractions (which were 
coded AfBtC.etc in order of elution) were tested with 
ninhydrin (l$ in acetone, boiled) enthrone reagent 
(1$ enthrone in cone, HgSO^, poured into an aqueous solution 
to form an interface) and Barton's reagent (see above)
The aalno acid composition of the fraction and the combined 
fractions C and D were roasted with glucose using the 
standard technique (l * 1 * 1 w/w additions).
flBtaacdiLaii .91. , .tea ..sMESPal
An aqueous solution of the basic fraction was 
passed through a column of activated acid washed 
charcoal (l0g/500 ml H^O per lOOg charcoal) (of Hulme^)
This column was washed with water until no ninhydrin 
reaction was obtained with the effluent, and the 
adsorbed material was eluted with aqueous acetic aold 
(20$). Both fractions were freeze-dried.
The amino acid composition of the non-adsorbed 
fraction was determined, and a portion of this material 
was roasted with glucose. The adsorbed material was 
also roasted with glucose ( 1 1 1  w/w), and with a 
synthetic mixture of amino acids (table 7) and glucose 
( 1 1 1 :  lw/w).
The freeze-dried acidic and neutral counter­
part of the basic fraction of Accra cocoa beans (l Kg) 
was dissolved in HClaq (0.1 11,200 ml), and the solution 
saturated with NaCl. This solution was extracted with
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ethyl acetate (2 x 200 ml), and the extract was dried 
over anhydrous Na2S0^. The dried extract was concentrated 
to ca 50 ml under vacuum, filtered and added to chloroform 
(I L), The li^it brown precipitate coagulated on standing, 
and was filtered off. After washing with more chloroform 
the product was air dried.
Bxamina-tlQR of-the, flavariQids of the basic fraction.
The basic fraction (20 g) was dissolved in 
HC1 (200 ml N/lO) and the pH adjusted to 4.0 units with 
HOI. The solution was saturated with NaCl, and the 
flavanoids were extracted with diethyl ether (10 x 200 ml). 
The extract was dried over anhydrous Na2S0^, and the 
ether was removed under vacuum.
The gummy residue obtained (120 mg 0.6#) was 
triturated with acetone, and the acetone insoluble material 
recrystallised from ethanol/water. The white crystalline 
product, did not give characteristic reactions of 
polyphenols, and was shown to be theobromine by 
normal semi-micro techniques. Comparison of I.E. 
spectra (as a nujol mull) with the authentic 
material confirmed this identification.
The acetone soluble material reacted strongly 
with Barton's reagent, and the examination of an ethanol 
solution with a U.V. spectrophotometer gave a spectrum 
with strong absorption maxima at 260 and 205 nm, typical 
of polyhydric phenols which do not contain conjugated 
carbonly groups.
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This material was examined by paper 
chromatography using Whatmans No. 1 paper and a normal 
ascending technique. The irrigating solvents used and 
the developing reagents employed are shown in table 8 
which illustrates the results of this examination.
Qualification of the 'precursor factors' by the use of
model systems.
The modified aroma scoria- e -atem.
The second system of aroma assessment employed 
exactly the same technique of sample roasting and 
presentation as the original assessments, the sole 
difference being in the way in which the aromas were 
ranked. The panel were asked to.score the samples as 
followsi-
1) Is the aroma in any was related to that 
of cocoa/chocolate? (Answer Yes or No)
2) If the answer to question l) is yes, please 
score on the scale
1«...Aroma reminiscent of cocoa/chocolate 
2....Aroma similar to cocoa/chocolate
3.«.»Good Cocoa/chocolate aroma.
3) If the ans er to question l) is no, please 
briefly describe the aroma.
The answeres received to these questions were 
scored 0 for a negative answer© to question 1 and 1-3 
as in question 2. Individual scores were then averaged 
to give a numerical result for the whole panel. No 
results were rejected*
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The flavanoid contribution.
Unroasted Accra cocoa beans were extracted 
with methanol/water (4 Kg/101, 80 * 20 v/v) and the 
extract filtered. Methanol was removed from the 
filtrate by vacuum concentration and the concentrate 
saturated with NaCl. The flavanoids were continuously 
extracted from this solution with ethyl acetate in a 
liquid/liquid extraction apparatus.
The ethyl acetate was removed from the extract 
by rotary evaporation at 40°C, and the residue triturated 
with a large excess of acetone. The acetone insoluble 
material (0.79g) was extracted with chloroform and 
two further fractions were obtained; a chloroform 
insoluble material (O.lg Fraction 1) which contained 
anthocyanins, anthocyanidins, and some leucoanthocyanins, 
and a soluble fraction (0.66g Fraction 11) which contained 
largely theobromine.
The acetone soluble material of the original 
ethyl acetate extract (5.8g) was added to chloroform/ 
acetone (1.25 L, 4 i 1  v/v) and the insoluble material 
filtered off. This was twice redissolved in the 
minimum volume of acetone and repreclpltated from 
chloroform with the same solvent ratio. The final 
precipitate was vacuum dried (0.50g Fraction III).
The soluble materials retained in the chloroform 
layers were bulked, and the solvent removed by evapor­
ation under vacuum.
The chloroform soluble product (3.93g) was 
dissolved in water, neutralised by the addition of 5# 
NaHCO^aq (final vol ca 150 ml), and extracted with
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diethyl ether in a liquid/liquid extractor. The ether 
soluble material contained mainly flavonols and some 
epicatechin (total weight 0.86g, fraction IV). A 
further ether extraot which contained the phenolic 
acids, was obtained by acidifying the aqueous residue 
with 0.1 N HC1, and continuing the ether extraction 
(0.2g Fraction V) The final aqueous residue was freeze- 
dried (l.78g).
This fractionation scheme is shown diagrarama- 
tically in figure 3, and was essentially a modification of 
an earlier method^. The composition of the various 
fractions were determined chromatographically using the 
same solvent systems and developing reagents described by 
Rohan and Connell^ , and their observations on the types 
of polyphenolic material present in the fractions was 
generally confirmed.
Each fraction obtained by this method was 
dissolved in water and freeze-dried to remove all 
traces of solvents. The products were mixed with the 
synthetic mixture of 12 amino acids (table 7) and 
glucose (l i 1 : 1 w/v) by grinding in a mortar, and the 
aromas produced by roasting where assessed as described 
above. Duplicate fractionations were made, and the 
products of one of these were roasted on two separate 
occasions.
The amino ncld contribution
The 12 amino acids of the synthetic mixture 
used as a model for the basic fraction (table 7) were 
individually mixed with glucose (1 t 1 w/w) and with
flft
glucose—epicatechin (X t 1 t 1 w/w) in a mortar and 
roasted at 140°C for 7 min, aa described above. fter 
allowing the roasted samples to stand overnight, they 
were submitted to the panel in the usual way for 
assessment •
toPlifiaUgaa *
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Basic fractions were prepared from as large 
a range of cocoa bean types as possible (table II), using 
the method described above for the small scale preparation 
of such fractions. These were examined using a Technicon 
amino acid autoanalyser, and results were calculated both 
in terms of absolute weight (mgAOOg Jeans) and as a molar 
percentage of the total amino acid content.
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Introductory Surrey
Having considered the further evidence for 
the involvement of amino acids and reducing sugars 
in the production of chocolate aroma, it is now 
necessaxy to examine the way in which these compounds 
may react in the beans during roasting*
In all that follows, it will be apparent that 
emphasis has been laid on the conditions under which 
these reactions occur. This is because the natural 
enviroment in which the reactions occur in oocoa beans 
differs considerably from an idealised chemical enviroment 
and imposes constraints to which these reactions are 
particularly susceptible.
One example of the way in which the physical 
structure of the bean can influence the reactions of 
its constituents has already been discussed. This is 
the spatial separation of the enzyme systems from their 
substrates in the unfeimented bean. The effect of the 
conditions under which these reactions may be carried 
out is best illustrated by considering the wealth of 
information which already exists in this respect.
Previous studies of amino acld-reduclr./: sugars reaction
During amino acid-reducing sugar reactions 
large amounts of brown polymeric materials of unknown 
composition are formed, which become progressively more 
insoluble as the reactions proceed. These products are 
collectively known as melanoidins or •humin-like* 
substances, and the reactions are often referred to as 
the browning reaction (non-enzymic browning). This
S i
aspect of the reactions is itself of great interest 
to the food industry, and formed the basis of most 
early studies of amino acid-reducing sugar reactions*
The reaction has been extensively reviewed in the 
liter ture 53,59,60^ reactions have been
studied with glucose and peptides^', and proteins^'^*
Because of the emphasis that has been plaoed
on this aspect of the reactions,many of the conditions
used in earlier studies bear little resemblance to
those necessary for the production of chocolate aroma
and frequently the brown colours produced were used64as the criterion of reaction • Despite this different 
emphasis, however, some consideration of these studies is 
pertinent to the present context, particularly with 
respeot to the initial stages of the reactions.
During the past decade, this effort invested 
in the study of these complex reactions has been 
intensified by the realisation that in addition to the 
resultant 'browning effect' and the nutritional losses 
they probably represent the most important source of 
aroma and flavour production in heated foodstuffs.
In terns of aroma production, these reactions 
would appear to have considerable importance in the 
confectionary industry, and the chocolate industry in 
particular. Thus if a comprehensive list of the aromas, 
described to be formed by heating individual amino acids 
with sugars, is consulted, it will be seen that in a list 
of 22 amino acids, 12 have been described as producing
f i i
caramel or confectionary aromas, while 5 have given rise 
to the more specific description ’chocolate*
Model systems have been used extensively in the 
study of the reactions of amino acids and sugars, although 
satisfactory model systems for aroma production in foods 
are difficult to achieve due to the large number of 
secondary factors which may affect the final aroma.
These include the synergistic action relative vapour 
pressure effects, selective solvents, acidity factors and 
threshold effects.
The Reaction Conditions
Amino acid-reducing sugar reactions can occur
in foods under an extremely wide range of conditions.
These include storage changes in freeze-dried products ,
reactions in solution at moderate temperatures and
high temperature reactions • It is generally recognised
that the reactions occur most readily in concentrated
aqueous solutions, and are favoured by high pH and 58temperature' • Not unnaturally many of the early
studies were made using reaction conditions of this type.
It Is now recognised that the reactions cannot be
represented by a single process, and a complex series of69simultaneous reactions occur • The various reactions in 
such a series may require different conditions for optimal 
reaction rates, and, if this is true, the various products 
of these reactions depend more critically on the reaction 
conditions than was previously supposed.
a) Moisture Content.
Few studies of the reactions have been made in 
non-aqueous solvents, although the original description
liquid (molten) state. This aspect of the reactions will 
he considered later, and more fully, in the discussion 
of the results.
Kinetic and thermodynamic considerations of 
the effect of water on the reaction rates are complicated 
by uncertainties as to the exact nature of the reactions 
and the non-equilbrium conditions. If, as seems true,water 
is a product of the initial reaction (see later discussion) 
and this reaction is reversible, water will certainly 
have an inhibitory effect on the forward reaction. This 
may be nullified by rapid moisture losses, and in systems 
with low moisture contents, solubility factors may become 
more significant. Solubility has been used as the basis 75of kinetic studies of amino acid-reducing sugar reactions .
The effects of moisture content have yet to be 
completely investigated, but most recent studies of 
reactions have been made using low moisture systems which 
tend to resemble more closely thOB2 of natural heated 
foodstuffs.
b) Solid state reactIons.
While it is still uncertain whether amino 
acid-sugar reactions in foods occur as true solid state 
or as 'low moisture' reactions of the type studied by
Lea and Hannan^, solid state organic reactions are76generally well substantiated' , and sugar degradation77can certainly occur in the absence of water •
For this reason reference is often made to 
the 'dry' state, which may be assumed to be applicable
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to systems which contain insufficient water to produce
a true solution of the reactants. The 'dry* state7*5reaction has been investigated by Lea and Hannan ,78 70Tannenb ium ' and Richards .
c) Temperature.
A number of studies of the effects of
temperature have been made f  and a linear Arrhenius
plot was obtained for the initial reaction in the
62casein-glucose system previously discussed » However, 
in tems of the production of aromatic products, these 
studies are probably of little significance, since the 
criterion of reaction used was the degradation of 
amino acids. While this is important in texros of the 
initial condensation, and perhaps in understanding 
whether the fUll aroma potential of these systems 
is realised, it is the relative amounts of the aromatic 
products which is important to the flavour chemist.
These depend on the relative rates of the reactions lead­
ing to their formation. Collection and assessment of this 
type of information is difficult due to the large number 
of other parameters involved, and the uncertainty which 
attaohes to the mechanisms. Virtually no published data 
of this type is available at present.
d) si
The rates of almost all amino acid-reducing 
sugar reactions are increased by increasing pH but
enhanced reaction rates have also been observed in81aqueous model systems containing both phosphates" and
§a
citrates * During the reaction of amino acids and sugars 
in solution the acidity of the reacting mixture almost 
invariably increases, probably due to both the production 
of acids and to the loss of primary amino groups' •
The rate at which this occurs has a considerable effect 
on the overall reaction rates, and attempts to overcome 
this difficulty In kinetic studies have been made using 
controlled additions of alkali^. The buffering 
capacity of the amino acids themselves m y  also play an 
important role in these changes.
The zwitterionic equilibria of amino acids
are also pH sensitive, but no simple relationship between
amino acid structure and reaction rates have been
observed, although the reaction rates of a number of amino00acids have been described • Finally it may also be assumed 
that pH is an important factor in controlling the relative 
contributions of acids and bases to aroma complexes.
Other factors
While the structures of the reactants can hardly 
be considered as forming part of the reaction conditions, 
it is appropiate to consider certain consequences of 
structure at this point.
Solubility depends critically on structure, and
in systems with low moisture contents this may play an
important role in controlling reaction rates. Because
of the contributions of charged structures to the
chemistry of amino acids, peptides, and proteins, their84.solubility relationships are complex . Substituent groups 
also effect solubility and, with a mixture of amino acids 
and proteins, mutual influences may reach proportions which 
defy reasonable theoretical treatments. pH may also be a 
factor in controlling solubilities and, due to the factors 
described above, solubilities may change during the reactions.
Q2
The reactions which are discussed in the 
following section are strictly those of aliphatic monobasic 
monoacidic amino acids and simple aldohexooes. Extrapol­
ation to more complex systems must be made with e x tre m e  
caution* The reactions have of course, been carried
out with e wide range of amino acids and both aldoses
85 86and ketoees  ^and sugar derivatives * The products
obtained from such systems will be discussed without
differenciation in the later oections*
THE INITIAL *J£A£TiUli 
a) Direct nalno -ciq-raduclPY swsar re.ctlon
An aqueous solution containing a single sugar 
and a single amino acid may contain no less than eleven 
distinct chemical species capable of participating in an 
initial reaction* These include the ions formed by the 
water, the amino acid, and the five possible isomers of 
the sugar. These species normally exist in equilibrium 
proportions which depend on the temperature, pH, 
concentration etc, and the structure of the components eg 
in a neutral solution containing lucoee and a monobasic— 
monoacidlc amino acid, the two pyranoee species of the magnr 
and the swttterion would pred ominate. Nevertheless, all 
the available evidence indicates that the initial reaction 
involves th e  nucleophilic addition of the unionised amino 
acid or its carboxylate ion to the carbonyl group of the 
aldehydro-eugari-
h\ G °
C ^ Q n h v CHR 
■0« COOH
COOH
*  1 «  
NHj-CHR
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The concentration of the aldehydo-sugar in any 
particular amino acid-aldose mixture will naturally 
depend on the structure of the sugar involved, and ribose, 
the aldose known to have the highest equilibrium 
concentration of the alehydo-form, is a particularlyOl 017reactive sugar • Katchalsky and Sharon have shown 
that the aldehydo-sugar concentration was a contributing 
factor to the rate of the primary reaction, and similar
'10 oqobservations were made by Speck and Traitteur •
Further confirmation of the involvement of an aldehydo-qosugar has been provided by Burton and McWeeney^ , who 
used polarographic wave heists as a measure of the 
equilibrium concentration of the aldehydo-sugar s.
The normal concentration of the aldehydo-form 
of glucose is extremely small compared with that of the 
pyranose anomers (0*024 mole # aldehydo—glucose^1) and 
under certain circumstances the rate of formation of this 
species may be a rate controlling step in the reactions.
There is very little direct evidence for the 
involvement of the free amino group in the reaction, but 
the established participation of the electrophylic 
carbonyl group provides a sound basis for its inclusion. 
The nucleophilic tendency of the amino group results 
from the 'lone pair* of unbonded electrons on the nitrogen 
atom, and an increased concentration of protons will 
decrease this by increasing formation of ’onium* ions.
This is consistent with the observed decreases in reaction 
rate in media of increasing acidity.
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Returning now to the dipolar reaction intermediate 
formed as a result of the Initial amine-carbonyl 
condensation. This has a small spatial separation of Its 
charges, and would be expected to mpidly rearrange with 
the elimination of these charges. There are a number of 
ways in which this may occur,
b) aing cloaure to form an aldosylamino add.
The predominance of the ring forms of sugars, 
shows that the aldehydo-forms have a strong tendency to 
ring closure, and this is subject to general acid-base 
catalysis. This tendency may lead to the formation of 
an aldosylamino acid.
0 COOH ' 1
"  —  H,p v  v
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ALDOSYLAMINO ACID.
Reversible formation of an aldosylamino acid is widely
accepted as the Initial stage of amino acid aldose58 92reactions under mild conditions' * . The free aldosyl
amino acids have not been prepared but amorphous sodium93 94salts , amorphous and crystalline metal complexes^ ,
and crystalline derivatives of the amino acid esters have 95been prepared".
The corresponding aldoaylamlnes (amine plus aldose) are 
apparently easily formed, and these have also been obtained 
as crystalline solids • These compounds are often consid­
ered to be suitable structural models for the aldosylnmino
simple amino acids and their derivatives, the aldosylamino 
adds would be expected to exist predominately as 
zvltterlons. Such compounds would be expected to form 
ionic crystalline lattices based on the zwitterlonic 
structure. ince these compounds arc apparently more 
difficult to crystallise than the corresponding aldosyl- 
amlneo, considerable differences in stability are Indicated 
which may in turn derive from the switterionic nature of 
these compounds.
o) Iramaratonatlon without rln/- closure.
The formation of a cyclio system of the type 
described above, often occurs quite readily due to the 
small energy changes involved. This is because the 
formation of a cyclic intermediate facllates a series 
of simultaneous electron transfers. However, ring 
closure generally involves relatively large entropy 
changes end under certain conditions it is conceivable 
that oterlc and lattice restrictions offset the advant­
ages of cyelisntion. In such cases other intermediates 
may compete with the formation of the aldosylamino 
acids. The simplest of these is the product of 
transprotonation, the carby laraine * -
By analogy with the known properties of the
H C - N H . C H R
OH
CHQH “ >OM
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This may be followed by loss of water from the
earbylaraine to fora an azomethine carboxylic acid or 
Schiff’s base. The formation of a Schiff's base is a 
Well established feature of amino-carbonyl condensations 
and it appears theoretically possible for the 
transprotonation and elimination of water to occur 
simultaneously. Hodge'® has suggested that the reaction 
sequence may involve the series* Adduct, Carbylamine, 
Schiff's base, Aldosylamino acid. In this case, rapid 
reaction of the Schiff's base eg the rapid elimination 
of water from the aldose moiety, may preclude formation 
of the aldosylamino acid. Possible reaction routes to 
melanoidins from Schiff’s bases of this type have been 
described by Song and Chichester^®.
Theoretically there is a further way in tfilch 
the elimination of water from the carbylamine can occur, 
viz:-
h Oh NH.CHR
I 1 ^  I ^  oH
C H .O H v ^ V W iC -c -K H .C H R  — ► CH.OHvA/W'C** CH * i \ r *
OH M COOH OH
The compounds formed by this type of elimination
are of especial interest. Not only are they tautomeric
with the Sohiff*s bases, they are also the enols of the
79acyclic aldosylamino acids. Richards , in an investigat­
ion of the reaction of glycine and glucose, claimed to have 
isolated a compound of this type, and suggested that it 
readily decomposed to give the Schiff’s base of 
5-hydroxymethylfur*fural. However, later in a private
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communication to Reynolds ,Richards apparently considered 
the compound he had isolated could have been the 
corresponding amino acid deoxyfructose.
d) Sugar deRradatlco M  the Initial reaction.
At temperatures in excess of 150 C,
spontaneous sugar degradation is a further possible
77source of primary reactants . The products of the thermal 
degradation of reducing sugars are probably similar to 
those obtained by acid catalysis,and include reversion 
roducts",and anhydrosugars100*101. Numerous simple 
degradation products are also obtained.
The initial stage of sugar degradation may 
77involve anoraerisation ,and the initial reaction rate
is probably second order with respect to the sugar
leading to the formation of a dimer10**10 ,^ The initial
reversion products appear to retain their carbonyl 
104,105groups »and could behave in a similar manner to
the original sugar in en amino acid condensation,
» .106= -net ,proposed the following mechanism for
the acid catalysed degradation of simple hexoses
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As confirmation of thia mechanism,the author 
isolated the intermediate compound C,and the cis-form of 
the 08one I>* Compounds B,C and D were considered to toe in 
equilitorium with their ring forms.
The initial product of this degradation,the
enediol (A) is the accepted intermediate in the Lobry de
107Bruyn-von ikenstein rearrangement ,&nd sugars with the 
same configuration on the cartoon atoras other than the oC 
and /8 cartoon atoms will give the same intermediate. The 
dlcaroonyl intermediates in this degradation are particularly 
suited to amine condensation.
7*5 1 G 8Demair and Jury * considered that under
acidic conditions the initial reaction in an amino acid*
sugar reaction is the catalytic formation of 5*hydroxy*
3iethylfurfural, the end product of the above degradation.
This they considered reacted with the amino acid to produce
the Schiff's base of the furfural,anc they obtained kinetic
evidence in support of this hypothesis. This product is
7 9of course,identical with the product that Blch&rds 
claimed was formed as a result of the degradation of the 
e n d  of the acyclic aldosylamino acid.
If the mechanism for the formation of 5-hydroxy* 
methylfurfural in acid solution is that proposed by /net106
it is difficult to understand why the work of Demalr and
108Jury should have indicated condensation of the amino 
acid with the furfural in preference to the intenseciiate 
dicarbonyls. However,the reason may have been a kinetic 
one,in that the effective concentration of these intermediates 
remained low compared with that of the furfural which is 
the end product of the degradation.
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Furfurals and other aldehydlc sugar degradation 
may replace sugar in browning reactions10^ and the reaction 
of these compounds with amino acids is generally faster 
than with the original sugars under similar conditions^. 
Preferential formation and reaction of these compounds 
in strongly acid conditions may occur in the presence of 
amino acids due to the consequent reduction in 
concentration of the free amino acid groups which occurs 
at low pH*
Sugars are particularly susceptable to 
degradation in alkaline solution, and three types of 
reaction can occur. These a re  isomerisation involving a 
Lobry de Bruyn rearrangement, degradation to smaller 
molecules, and autoxidation-reduction to form saccharinic 
acids11®* In general, with the exception of the 
saccharinic acids, the products of the alkaline degradation 
are very similar to those formed under acid conditions*
SECO N D A R Y R E A C T I O N
COHodge-^ made a detailed survey of the 
literature up to 1953, and suggested that seven distinct 
stages of reaction may be distinguished.
1. Initial sugar—'mino acid condensation
2. Amadori rearrangement
3. Sugar dehydration
4. Sugar fragmentation
5. Amino acid degradation
6. Aldol condensation
7. Aldehyde-amine condensation.
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The reactions 2-7 ware assumed to be consecutive on the 
initial condensation. These conclusions were drown from 
a large nunber of sources, but ouch of the evidence was 
disjointed and hypothetical in nature, a deficiency 
admitted by the nwthor. ! evertheless the sheer weight 
of the evidence supported the general conclusions.
A somewhat similar approach was postulated by burton 
and FicWeeney^9 who envisaged a scheme involving a number 
of oi mltaneous reactions.
The nature of the oeeondaiy reactions that can 
occur In an amino cold-reducing sugar reaction, naturally 
depend on the extent to which a particular initial 
react!on has oocured, and the availability of the 
secondary products of other reactions. Those will be 
considered in toms of the initial reactions described 
above.
®> DaconJnw gnaatlona from nn aldo;:-i -: lno add.
TTTAnet and Reynolds isolated a number of amino 
old deoxyfructoses from freese-dried peaches.
O  OH
y  COOH
CHV MH*CHR
m U m  Aclri :j«>xvkatona
These compounds are the products that would be 
expected following the nadori rearrangement of an oldosyl- 
amino acid. Ingles and Reynolds suggested that these 
products had been formed by this rearrangement, which wno
as.
assumed to Involve a alow irreversible change* Anet11^ 
has also Isolated di-subotituted amino a d d  deoxyfructoses.
These compounds were Isolated on a preparative 
scale using displacement chromatography on a cation 
exchange resin. Amino a d d  deoxyketoses have also been 
separated from molasses using a similar preparative 
scheme11^#
Amadorl rearranged products formed from sugars 
other than glucose have also been Isolated and are 
reported to decompose in acid solution11'*, liberating the 
original amino acid, 5-hydroxyaethylfurfural, and a number 
of unidentified producter*1^• Thus in a sense, formation 
of a deoxyketose, is an intermediate stage in the catalytic 
degradation of the sugar* 5-hydroxymethylfurfural formed 
by this reaction could of course also act as a reagent 
in the mino a d d  degradation proposed by Dieaalr and 
Jury1®®.
The degradation of amino aold deoxyfructoses to 
14(2 furcylmethyl) amino adds has been recently described11®.
8 --- C.i,,--- KH — CHH— COOH
12(2 furoylmethyl) amino acid.
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These compounds may represent an intermediate stage 
in the formation of melanoidins from aldosylamino acids 
and their rearranged products.
b) 3e.OQM.agy reactions from Qchtff’c, bases and carbvlcualnes.
The Schiff's base formed from a sugar aldehyde
and an amino acid is probably capable of undergoing
further elimination of water molecules from the aldosyl 64moiety • This would be facilated by conjugation of the 
C-N linkage with unsaturated linkages forming in the 
product, extension of the conjugated system oocurlng in a 
sirall r manner to that suggested by Anet10® as occuring 
during the degradation of simple hexoses. This may again 
lead to the formation of the Schiff’s base of 5-hydroxy- 
methyl furfural. Melanoidins may also be produced from 
these compounds by anionic polymerisation^^.
From the flavour viewpoint, an alternative route
in the further reactions of a Schiff’s base or carbylamine
may be more important. This involves ring closure to form117a N-substituted pyrrole derivative • Kato and Fujiraaki 
isolated a number of N-alkyl pyrrole-2-aldehydes from 
xylose-amino acid mixtures, but were unable to obtain 117corresponding compounds from glucose containing systems 1. 
The mechanisms of these reactions were uncertain.
c) The 3tr.ckar degradation
One of the most likely sources of aroma 
production during sugar-amino acid reactions is the Strecker 
degradation of the amino acid. 3treeker(l862) was the 
firfct to observe the oxidative deamination of alanine 
by alloxan, a comparitively mild oxidising agent.
CH^CH.NH^COQH * CH^ CHO + C02
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The possibility of similar reactions occuring with118amino acids and sugars was investigated by Akabori .
This investigator isolated the aldehydes, carbon dioxide 
and 5-hydroxyme thyl furfural, but was unable to obtain 
any evidence for the formation of intermediate substances. 
However, he proposed that dicarbonyl compounds and their 
peroxo-foxms were the important intermediates*-
R— C — C — R* R - C — C— R»
ii ii *'-------- * i i0 0 0— 0
R- C —  CH SCII —  C  S’
II II  *
0 0
In many ways this was a remarkable choice. In 
1952 the literature relating to the reaction was reviewed 
by Schonberg and Moubacher11^, who defined the reaction as 
"all degradations of amino acids to aldehydes and ketones 
containing one carbon atom less, whatever the degrading 
agent may be". A list of inorganic agents, capable of 
affecting the degradation, was drawn up by these authors 
and consisted mainly of substances which were peroxides or 
were capable of producing radicals. They concluded that 
of the organic agents the structvre -C-(CHVCH)*C— was an
» 8
essential requirement, and did not list sugars per se as
degradation initiators. Badder and Iskander^"0 correoted
this deficiency. An electronic interpretation of the
121mechanism proposed by Schonberg et , has been made
by Badder^22.
.CH CH
R-C C—  R 1
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Bidder's proposed mechanism  ^ t was purely 
ionic but it seems likely that a free radical mechanism 
may also occur, since it has been claimed that light has 
an effect on the formation of coloured products in the 
reaction, and the melanoidins may be bleached by li^it12 .^ 
Participation of a free radical mechanism in Strecker 
degradations may explain the range of aldehydes which are 
formed from a single amino acid ,
It is apparent that if the sugar were to 
decompose thermally in the manner previously suggested, 
a number of suitable dicarbonyl compounds would be 
available for participation in Strecker degradations.
An alternative mechanism proposed by Ham ick125et ^  on the basis of an analogy with the decomposition 
of pinocolic acids in the presence of carbonyl compounds, 
is of especial interest since this involves a Schiff's 
base. There is however, very little direot evidence in 
support of this mechanism or indeed of any other simple 
mechanism for Strecker degradation.
The aldehydic products of Strecker degradation 
will naturally make an important contribution to the 
aroma of all foods in which they are formed. Aldehydes 
are extremely reactive compounds which are readily reduced 
and oxidised, and which readily undergo condensation 
reactions including self condensation (aldol condensation). 
The aldol condensation of the Strecker aldehydes is also 
a further eourse of aronr tic compounds, and these may play 
an important role in the natural cocoa aroma complex1 ®^*
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Dismutation to form the corresponding acid and alcohol
could also be important in foods or plant origin, where
polyphenolic compounds could provide suitable redox127systems for this type of reaction . Alternatively,
the aroma provided by these compounds would be reduced
by their reaction with amines to fora imines and related 1 28compounds .
Under the normal conditions of amino acid-
sugar reactions, it is often difficult to distinguish
the Strecker degradation from the general reaction, since
estimation of the aldehyde produced may be confused by
aldehydes formed by ancillary reactions. A number of
investigators have measured the volumes of carbon
dioxide produced, and labelled glycine has been used to
demonstrate that over 90$ of that produced originated
from this source. It has also been shown that the type
of sugar was the limiting factor in the rate of carbon129dioxide production • Carbon dioxide production has
also been observed during the thermal degradation of
sugars1**0, and its production from this source probably118increases with temperature. Akabori , working with a 
glycerol solution at 130°C, observed no increase in 
carbon dioxide production when the sugar contents of 
simple amino acid-sugar mixtures were significantly 
increased.
d) Aldol condenaatlon
Aldehydes formed by the Ctrecker reaction may
readily undergo aldo condensation. This reaction which
is reversible, can be catalysed by both acids and bases
and the nature of the catalyst may also control the151ratio of the products of a crossed condensation
mThere is, in general, very little published information 
available on the aromas and flavours of the numerous 
B-hydroxy aldehydes which can be formed by this 
reaction. To illustrate the difficulties of examining 
all the aldol products that can be formed from the 
commoner amino adds, it may be of interest that 16 amino 
acids can give rise 256 different aldols, which contain 
only two aldehyde fragments. Since these aldols contain 
an aldeiiyde group further condensations can occur and 
polymers may eventually be formed.
It is probable that the formation of 'crossed* 
aldols are responsible for the formation of 'novel' aromas 
when mixtures of amino acids are degraded1-*2.
Aldols, being hydroxy compounds, can eliminate 
water to produce unsaturated aldehydes, and both acid 
and base catalysed reactions are possible1'*"*. With a 
typical aldol, water can be eliminated in two waysi-
Hf-CH2 -CH-CH.OHO ------------- »  r - c h 2 c h »  C.CH O .
OH R ' R *
RCHasCH -  OH.CHOi
R '
The dehydration of an aldol, will prevent its reversible 
decomposition to the original aldehydes, and may thus 
increase the extent to which the original condensation 
occurs.
B) Other reactions and products.
Even in simple model mixtures of amino acids 
and sugars it is certain that the reactions are more
m .
involved than is indicated by the pathways so far 
considered, while in a foodstuff the possibility of 
further reactions increases enormously. If we 
limit the discussion to those direct products of 
reaction, a great deal of information is still available. 
Nevertheless, we have now reached the point where further 
considerations of the rapidly expanding theoretical 
possibilities becomes unprofitable, and it is necessary 
to consider the products which have been isolated from 
the reactions. For brevity and convenience, all the 
products that have isolated will not be considered in 
detail, but representative groups of products will be 
considered. These are conveniently divided into hetero­
cyclic and non-heterocyclic products and will be considered 
urder these headings.
HETEROCYCLIC PRODUCTS.
Recent studies of aroma production in amino 
acid-reducing sugar reactions have tended to emphasise 
the possible contributions of heterocyclic compounds1 '^' 
135,136^ These include derivatives of furan, pyran, 
pyrrole, pyrasine and imidazole.
Barara. m l  jraBanfi
Furans and in particular 5-hydroxyraethylfurfural 
are well known products of sugar degradation, and furanic 
compounds have been isolated from a large number of foods 
137,138,139^ an£ moaex amino acid-reducing sugar systems14®. 
Hodge lists 14 furan derivatives, and one pyran (roaltol) 
which have been described as products of carbohydrate 
dehydration and caramellsation. Additional compounds of 
this type, and possible routes to their formation have 
been discussed by lhaw, Tatum and Berry1®®’101• who
misolated oC and p angelica lactones, isoraaltol, 4-hydroxy-
2(hydroxymethyl)-5 methyl 3(2H) furanone, and a number
of simple furans from heated fructose. Similar compounds
namely 2-3 dimethyl-4-hydroxy-5-methyl-3(2H) furanone,
and 2-5 dimethyl 4 hydroxy 3(2H) furanone, have been
Isolated from the degradation of pentoses1*1 , and pine- 142apples , respectively.
3-furanones are of particular interest as 
as flavour components, and their wide distribution can
be illustrated by their isolation from beef broth1*"*,14.2 126pineapples and cocoa . A British patent (No.1,132,600)
covers the use of 2-5 dimethyl-4-hydroxy 3 (211) furanone
as a strawberry flavour and aroma enhancer.
Some of these compounds may fuction as aroma
and flavour enhancers, and the relationship of this
property to molecular structures related to maltol has152been discussed by Hodge • These compounds are undoubt-
ably produced both by sugar degradation, and from the
152aldosyl moiety of sugar-amino acid complexes • Mechanisms 
involving the partial dehydration of a furanose ring system 
may be responsible for their formation.
Pyrrole derivatives.
2-acetyl pyrrole was the only nitrogen
145containing compound observed by Langer and Tobias , 
during a detailed study of the products of amino acid- 
sugar interactions in model systems. These did not 
include proline or hydroxyproline.
N-ethyl and N-methyl pyrrole have been isolated 
from orange powders in which amino acid-sugar reactions
were believed to have occured1**, and pyrrole-2-carboxaldehyde126has been described as a component of the cocoa aroma complex •
Recently a aeries of N-alkyl pyrrole-2-aldehydes
117hare been isolated from xylose-amino acid mixtures ,
Acid catalysed polymerisation of pyrroles la a well
known reaction and tha formation of compounds of this
typo may help to explain the incorporation of nitrogen
into melanoidin polymers. Proline and hydroxyproline
both contain a pyrrolidine ring system,and proline
appears to be a precursor of the aroma of bread, N-methyl
acet©pyrrolidine and 1-azablcyclo (3.3.0) oct-4-one hare
145been proposed as the primary aroma constituents .
1-pyrroline has also bean proposed as a degradation product 
of prollne,and is also reported to have a bread-like aroma1
Imaduzoles are less commonly observed as products
of amino acid—sugar reactions,than the compounds described
147above. They have been isolated from molasses ,end from the
143products of the ammonolysis of sucrose • Imad&zole,
4(5) hydroxymethyl imadazole,and4(5) methyl imadazole have also
been Isolated from the reaction of ammonia with D-glucose,
149D-xylos# and xylan , A well established preparation 
of imadazole is based on the reaction of glucose with 
ammonia in the presence of zinc oxide1
gyrazine derivatives.
The importance of pyrazines and dihydropyrazines
as flavour components of roasted foods has been emphasised148by a number of authors. Jezo isolated the pyrazine 
derivatives,2-methyl 5-(D) arabino-tetrahydroxybutyl 
pyrazine end 2-5 bis (D) arabino-tetrahydroxybutyl
m
mpyrazine from molasses. The structures of these compounds 
suggested that they could gave originated as a result of 
carbohydrate-amino acid reactions. The simpler 3,5-dimethyl 
pyrazine and trimethyl pyrazinee have been Isolated from
aldose-amino acid mixtures at dH 9^ • Pyrazines have126 152 134also been isolated from cocoa 9 ' , peanuts , coffee135and potatoes •
If pyrazines are important reaction products
in heated foods it seems probable that fairly direct
mechanisms are involved in their formation. The most
obvious of these is the direct condensation of two molecules
of an amino acid to form a 2.5 diketopiperazine. These
compounds however are not mentioned among numerous papers
on amino acid-sugar reactions. Further possible routes
leading to the formation of pyrazines include the
condensation of simple sugar degradation products with
amines1^ .  The condensation of dicarbonyl compounds with
diglycine has also been shown to lead to the formation of 153pyrazines * •
One of the most interesting observations
relating to a possible route to pyrazines is the formation
of fructosazine (2,5-bis D-arabino-tetrabutyl pyrazine)
by the condensation of 2-amino-2-deoxyglucose or mannose71in hot methanol solution • This is one of the compounds 
isolated by Jezo1^® from molasses, and its formation from 
amino deoxyglucose suggests a direct link with the Amadori 
rearrangement products of aldosyl amino acids.
0
(choh)^' cHjpn
Fructosazine.
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NQM-hETFROCYCLIC PRODUCTS.
The great majority of the aliphatic compounds 
which have been isolated from amino acid-sugar reaction©
appear to arise by sugar degradation. Tils does not mean*that sugar degradation is always the major reaction, 
since the 'Strecker* aldehydes are usually the 
quantitatively predominant products. However, the 
products arising from sugar degradation are generally 
more numerous.
These compounds, as might be expected, usually
contain relatively large amounts of oxygen, which occurs
hydroxyl, carbonyl or carboxylic groups. The intermediate
products formed during carbohydrate degradation have
been discussed above, and these compounds with the
exception of the furans, probably contribute little
directly to aroma. The lower molecular weight products
of sugar degradation however, undoubtably make a152considerable contribution .
Twenty six simple aliphatic compounds which
have been isolated from heated carbohydrates have been 152listed by Hodge v , who described their colour, taste and
aroma. This list Included seven acids (foxroic, acetic,
glyoxylic, lactic, acrylic, pyruvic and levulinic). A
further acid, propionic, has been detected by Langer and 145Tobias ^ . Formation of these acids is probably respons­
ible for the fall in pH which occurs as the reactions 
proceed, and hence may influence the course of reaction
in unbuffered mixtures*
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The remainder of the compounds which have been
described as sugar degradation products are carbonyl
compounds with a chain length of 3-4 units, and many
132contain additional hydroxy groups . The major aliphatic 
products of glucose degradation are acetol, methyl glyoxal 
and diacetyl, and the rates of formation of these compounds
10*5have been recently re-examined • These Bimple carbonyl
compounds can of course, act as Streaker degrading agents
for amino acids, and the relative reactivities of a
number of carbonyl compounds of this type have been 
154described • Simple hydroxy-carbonyl compounds may 
also function as precursors of heterocyclic compounds, 
and it has been suggested that pyrazines are formed by 
a reaction of this type during the roasting of peanuts^
Significantly, no simple nitrogenous compounds
have been consistently observed among the products of
amino acid-sugar reactions, other than those heterocyclic
compounds described above* Traces of ammonia may be
formed, but apparently the bulk of the nitrogen is
consummed in melanoidin formation1^ .  This is somewhat
surprising, since it might be expected that the amino acids
would deearboxylate on heating strongly to yield the
corresponding aminos. This process occurs during the mass
spectroscopy of amino acids and freauently gives rise to 155the major ion".
The only other major products of the reactions 
are water and carbon dioxide, the formation of which has 
been discussed in relation to the Ctrecker degradation.
mThis water will naturally play some part in shaping the 
reaction conditions, particularly in systems with low 
moisture content, and this consideration leads us back to 
the original contention; the susceptibility of the 
reactions to changes in reaction conditions.
While the foregoing view of the reactions may 
be scarcely claimed to substantiate this hypothesis, 
which Is only a relative consideration, it should 
certainly indicate the uncertain maze of inter-related 
reactions, and the difficulties of making predictions 
of their products. The value of predictions which may 
be made on the nature of the products of this reaction 
could frequently be obviated by lack of knowledge of 
their flavour affects.
Current theories of olfaction end flpyour terminology.
Modern theories of olfaction are far from 
complete and are, at the present time, insufficiently 
developed to be used as  a means of predicting the aromas 
of unknown compounds. Similarly, the general lack of 
understanding of the physiology of flavour response, 
means that all. such assessments are necessarily subjective, 
and even if a compound is prepared, its aroma and flavour 
can only be described in arbltary terms. This, coupled 
with the absence of a satisfactory 'language1 for deal­
ing aroma and flavour sensations, gives rise to many 
purely semantic difficulties in this field.
In broad terns a satisfactory theory of olfaction 
should encompass the relationship etween molecular 
structure and aroma, and also the mechanism of response
I l l
of the sensor system. It is also desirable that the 
theory should explain aroma thresholds, mixed aromas,
and a rational classfication of all known aromatic
156substances .
There are at present time three main approaches 
to aroma theory, and a number of subsidary approaches.
The major theories are the 'Stereochemical Theory' of 
moore19 ,^ the 'Vibration Theory' of Wright1**8, and the 
'Interface absorption Theory* of Davies1**9. Other 
theories which have somewhat narrower applications or 
have been less vigorously investigated have been described 
by Beets1 and Thompson1^1•
1 6?Amoore has reviewed the stereochemical theory 
of olfaotion, and concluded that "in its present state 
of development, it is subject to certain quantitative 
reservations but the theoretical principals are well 
understood, and the only requirement is the manpower to 
solve it." The stereochemical theory of olfaction depends 
essentially on the correlation of molecular shape with 
certain primary aroma characteristics, and relates these 
to receptor centers based on the 'lock and key* concept. 
Highly sigoifleant correlations have been obtained by a 
shadow matching technique1^ .  Modifications of this 
theory include further functional group requirements of 
a type first suggested by Beets1 and a vibrational 
stereochemioal relationship1^*.
n z
This latter suggestion relates the stereo­
chemical theory of aroma with the vibration theory. This 
is based on correlations between far-infra red and Raman 
vibrational frequences and molecular aroma, ^he most
recent paper dealing with this theory is that of bright 
1and Robson , and the original reference is due to 
Dyson^^. In general the vibrational theory admits of 
a somewhat narrower applicability than the stereochemical, 
approach.
An alternative approach to the theory of 
olfaction derives from Davies and T a y l o r T  is deals 
more specifically with sroma thresholds, and is essentially 
concerned with the abilities of odourivectors in penetrat­
ing the membrane of receptor sites, permitting ionic 
current flow. Absorption constants may be empiricaal 
calculated at a water-petroleim interface, which acts as
a model for the membrane surface, and these have been165used to derive a threshold equation .
It seems quite likely that these three theories 
will eventually be combined to form a more comprehensive 
theory.
Although these theories are of extreme 
importance in understanding the nature of aroma, they are 
at present insufficiently developed to be used as a means 
of predicting the aromas of unknown compounds, and more 
practical methods are required by the food industry.
mOne such method, employing gas-liquid chromatography
results in the production of an 'aromagram* which may167be useful in characterising flavour patterns • This 
method was applied to coffee, tea and cocoa by the 
authors.
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The Reactions of the Aroma Precursors
In the absence of any evidence to the 
contrary, it seems reasonable to suppose that 
maximum aroma production in cocoa beans would 
coincide with the complete reaction of the operative 
precursor systems. While it may be difficult to 
define what is meant by 'complete reaction' in an 
amino acid-reducing sugar mixture, it is apparent 
that any residual amino acid remaining after the 
roasting of ihe beans may represent a loss of 
potential aroma from t ds source.
This situation had been observed to occur 
by Rohan and Stewart^f during the commercial 
roasting of Accra cocoa beans. Different amino 
acids were destroyed at different rates, but none 
destroyed completely. Similar changes have been 
observed by other investigators^0'^ 1. Of the total 
free amino acids present in the beans, some 50$ 
were found in 1iie roasted product^2. Since this 
could mean that only 50$ of the total possible 
chocolate aroma was developed, this aspect of the 
reactions obviously merited further study.
The effect of temperature
The destruction of amino acids and sugars 
which resulted from heating a dry dialysed met and/ 
water extract of the cocoa at different temperatures 
is shown in table 12, and illustrated graphically in 
figure 4.
I l l
Effect of teraneraturo on the reaction
M > I e l 2
leating conditions # amino acid degraded
Temp Time Precursors Synthetic
°C min Mixturea
50 30 6.2
50 60 8.9 -
50 120 8.9 -
100 30 18.8 15.6
100 60 29.6 17.6
100 120 30.9 21.1
120 15 - 40.2
120 30 43.0 41.3
120 60 54.4 41.5
120 120 54.4 41.2
150 10 58.8 -
150 30 81.7 73.0
150 60 85.8 77.0
150 120 85.1 79.3
see p of thesis
The temperature dependence of the extent of 
amino acid degradation is manifest in these results, 
which indicate that after one hour the reaction had 
practically ceased. Sugar degradation, on the other 
hand continued at a rate dependent on the temperature 
(fig 4). Similar phenomena were observed with a 
mixture of pure reducing sugars and amino acids approx­
imating in composition with that of the shell-free 
cocoa beans.
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The obvious temperature dependence of the 
degradation reaction suggested that the conditions of 
roasting cocoa beans may influence the auxiliary, 
if not the primary aroma of -the product. Organoleptic 
examination of the reaction products revealed that 
chocolate aroma was produced when the precursor 
extract was heated for one hour at 100°c, From 
this, it may be postulated that the amino acid, 
or amino acids, concerned in the production of the 
aroma degrade sufficiently at 10Q°c to produce 
the characteristic reaction products. The possibility 
cannot be ruled out that the aroma produced at 100°C 
could arise from amino acids which were not detectably 
degraded, but nevertheless produced sufficient aroma 
for detection. Thus, methionine when mixed with 
glucose in the cold, slowly produced a potato-like 
aroma without any detectable amino acid degradation.
The failure of the amino acid degradation to 
go to completion and the relationship between 
temperature and the extent of degradation may have 
resulted from a number of causes. The most obvious 
of these was that individual amino acids reacted at 
different rates at different temperatures, and 
cessation of reaction at any particular temperature 
was due to the complete degradation of all the acids 
which could degrade at that temperature. This was 
examined by using mixtures of individual amino aoids 
and glucose. These mixtures were prepared by grinding 
the components together in a mortar, to simulate as 
closely as possible the type of mixtures which were postu 
lated as being produced during cocoa bean fermentation 
(see part one).
The results obtained (figure 5) indicate 
that certain amino acids, notably leucine, arginine 
and methionine were not appreciably degraded at 
100°C after one hour. Other amino acids showed more
obvious signs of degradation under these conditions. 
At higher temperatures, it was evident that with each 
of the nine amino acids examined the amount of 
degradation in one hour increased much more markedly 
with temperature above 140°C. As glucose itself 
melts close to this temperature it appeared likely 
that this increase in degradation could be equated 
with a change of physical state (liquid to solid). 
This observation was to provide a key to a factor 
which will be discussed at a later stage in this 
thesis.
Another factor which influences the degradation 
of amino acids is the moisture content of the 
reaction mixture. This type of effect was discussed 
in the introductory survey, and was briefly 
examined experimentally. The precursor extract 
when heated dry for one hour at 100°Qy iost 30% 
of the amino acid by degradation. "When slightly 
moistened, S% of the amino acid was destroyed in 
one hour at the same temperature and the addition 
of an equal weight of water to the mixture resulted 
in almost no amino acid degradation.
igure 5
Degradation of various amino acids on heating with 
glucose for 1 hr at different temperatures.
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The extent of the amino acid degradation 
during the factory roasting of cocoa beans depends 
on the duration of this process and the temperature 
at wliich it is carried out. The products of this 
degradation, will in turn depend on its extent, and 
hence variations in org noleptic quality may be 
expected by varying the conditions of roasting,
Th’s was examined by making three experimental roasts 
of Accra cocoa beans in a Barth automatic gas roaster, 
under the following conditions t-
a) 100°G for 100 minutes.
b) 140°c for 80 minutes.
c) 180°C for 30 minutes.
The beans wore separately proc seed into 
plain chocolate using a standard factory process, 
and the products were distributed to chocolate 
manufacturers in the United Kingdom for assessment 
of chocolate flavour (on an arbitary scale 0-10).
The results returned by 26 tasters revealed that 
whereas the sample roasted at 100°0 had the lowest 
chocolate flavour score (4*2), it was not greatly 
different from that roasted at 18G°C (5.7).
The production of chocolate flavour eppeared to pass 
through a maximum at 140°0, the score for the sample 
roasted at this temperature being 7.0 units. These 
results suggest that temperature has a marked effect 
on flavour production although no correlation was 
observed between this effect and the observed effect 
of temperature on amino acid degradation.
Another possible explanation of the observed 
cessation of amino acid degradation during roasting, 
was the inhibition of the reaction by the accumulation 
of acidic products.
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Ihe effects of acids and salts
The possible effect® of acidity on the ropction 
between amino acids and reducing sugars have already 
bean briefly discussed in the introductory surrey, 
uhere it was pointed out that -the acidity almost 
invariably increases during the react ions. In the
simplest possible terms, acidic Inhibition of the amino 
acid degradation could be conceived as the accumulation 
of acidic reaction products to the point whore Initial 
amino acid-carbonyl condensation was prevented by 
extensive protonation of the nudeophillo amino groups:-
H+ ♦ NH^KR. OOOK NH3CHR.GOOH
Under these conditions, spontaneous sugar degradation, 
which is subject to acid catalysis, would be increased 
and the reaction profiles could resemble those found 
experimentally•
Th'o hypothesis was tested by examining the 
effect of additions of acids, acid salts and buffers 
to a model mixture of glucose and alanine. The 
results of this examination (table 1 3) show the 
hypothesis to be untenable, since the effect of acid 
addition was to increase invariably the extent of 
amino acid degradation.
3 h M t U
ghe effect of aold on amino acid degradation 
Addition pH® Alanine degradation %
0 min 60 min 0 min 15 min 30 min 60 min
None 5.4 3.9 0.0 0.0 14.9 15.6
Citric aold 2.5 2.8 0.0 0.0 37.0 70.8
Tri-sodium
citrate 7.9 6.1 0.0 0.0 42.0 62.5
Table 13 (continued)
Addition pHa Alanine degradation %
0 min 60 min 0 min 15 min 30 min 60 min
Di-sodium
succinate 7.3 5.4 0.0 0.0 39.9 61.6
Succinic acid 3.1 3.2 0.0 0.0 45.0 71.8
Citrate
buffer 4.7 4.6 0.0 0.0 40.3 72.0
Na2S04 6.9 4.6 0.0 5.0 10.5 36.8
a    pH of solution of 0.2 g solid in 10 ml water.
The effect of the neutral salt, sodium suphate, 
which was used as a 1blank1 for the acid additions was 
interesting in that the reaction apparently began earlier, 
but more slowly, than in its absence. ’Cessation* of 
reaction was also less marked, in the presence of all 
acids and salts examined.
Increased amino acid degradation also occured 
when tri-sodium citrate was added to the reaction products 
of a model system which had been previously heated for 
30 min at 120°c. A further 30 minuts heating at the same 
temperature after this addition increased the amino acid 
degradation from 14.9% to 46.2%.
Additions of citric acid at various levels between 
10 and 100% w/w to the alanine-glucose mixture also 
resulted in increased degradation, the extent varying 
between 57.5 and 90.4% (table 14). The relationship 
was not linear and the maximum increase was observed with 
the addition at 25%.
S a t& gL J A
Effect of citric acid at different levels
Addition to Final Colour Alanine
model system 'pH' degradation #
(0.19)
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0.100 g Citric Acid 2.80 - 70.8
0.075 g it H 2.95 dark yellow 57.5
0.050 g it t 3.00 straw 88.7
0.025 g i H 3.20 brown-yellow 90.4
0.010 g ti I 3.52 brown 78.4
Mixtures of citric acid, trisodium citrate, or 
sodium citrate with glucose (l : 1 w/w) showed little 
evidence of reaction when heated under the same 
conditions, although the mixture of citric acid and 
glucose showed a small decrease in glucose content (6.0#).
A number of acidic products were foimed during the 
reaction of the alanine-glucose mixture and these were 
removed from the heated mixtures using an anion exchange 
resin (see experimental section). The acid solution 
obtained in this manner was examined by paper chromatography, 
and was found to contain at least four acids in addition 
to a trace of alanine. Three of these reacted positively 
with 2.4 dinitrophenylhydrazine, of which two were 
tentatively identified as pyruvic and laevulinic acids 
(table 15).
Paper chromatography of the acidic products of the reaotion.
Table 15
Acid Rf in solvent No
■ . 1 2 3
1 (unidentified) °s Oe Os
2 (unidentified) 5s 5s -
3 (Alanine) 40* 55m -
4 (pyruvic acid) 62m 65m 62,
5 (laevulinic acid) a i8 75s 72,
Laevulinic acid(authentic) 80 75 72
Pyruvic acid 60 62 58
Alanine 37 55 -
Solvent 1 ..... BuOH,Ac0H,H20 (60:15:25 v/v)
Solvent 2  EtOHfNH^ (0.880) (80:20 v/v)
Solvent 3 ..•••• MeOH,5.N. NH3 (80:20 v/v) 
s... strong, m ... medium intensity spot
'•ST A-i ' . , . r' • *'VJ. ’ .-V. ' ’ 'r ’ \ Vi
Pyruvic and laevulinic acids are well known products 
of sugar degradation, and -their formation satisfactorily 
explained the obs rved fall in pH in&nbuffered mixtures.
The loss of amino groups and the general loss of buffer 
capacity which results from amino acid degradation probably 
also contributed to this effect.
The influence of the ratio of ueactants upon the degradation.
The influence of the ratio of reactants on the 
reaction was investigated because there exists a possibility 
that -the ratio of reducing sugars to amino acids in cocoa 
beans is influenced by such factors as the extent of ferment­
ation, the degree of ripeness at harvesting and the type of 
cocoa. It was also possible that the cessation of amino
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acid degradation depended on the establishing of an equilibrium 
involving the initial reactants and their condensation
product eg
amino acid + glucose ^ adduct
This type of equilibrium could theoretically be 
shifted toweards the adduct by increasing the amount of 
glucose, and this would effectively increase the proportion 
of amino acid degraded.
Since the model systems used contained only two 
components, this effect could be most easily appreciated 
by considering the molar percentage of amino acid which was 
degraded in mixtures with different ratios of reactants.
The results of this examination are shown in table 16 
and illustrated in figure 6.
|aibU 4
The influence of the ratio of reactants on the amino acid
degradation at 120°c
Molefraction 
of glucose
0.333
0.500
0.666
0.833
Reaction 
time min 
5 
30 
60 
120 
15 
30 
60 
90 
120 
15 
30 
60 
90 
120 
15 
30 
60
90
120
Molar percentage 
of alanine degraded x 10~2 
0 .0  
0.137 
0.128 
0.146 
0.060 
0.118 
0.154 
0.162 
0.161 
0.056 
0.141 
0.142 
0.133 
0.140 
0.040 
0.094 
0.110 
0.111 
0.114
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Solid State Reaction of A lanine/G lucose Effect of Initial, Ratio of 
Reactants on Destruction of A lanine at 120°C.
•i) igure o
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With each ratio of reactants examined,rapid 
degradation of alanine occured initially,but after 
about 1C minutes no further material degradation of 
amino acid was observed* The extent of degradation 
at this stage appeared to be largely independent 
of the initial ratio of the reactants.
In fact,a very slight increase in the extent 
of degradation was observed when the ratio cf the reactants 
unity,and it was postulated that this corresponded 
with a maximxal efficiency of mixing (see later 
discussion).
The method used to determine iiie amino aoid
degradation in these studies, was that due to Van Slyke 
168et ui. . This method is specific for amino acids, since 
it depends on the presence of both an amino group and a 
carboxylic group. It is possible that other amino acids 
were formed in the alanine-glucose mixture, by transamination 
and other reactions, and that these were determined as 
alanine. Nevertheless, the data obtained clearly represented 
the total degradation of amino acids during the reaction, 
and hence the loss of aroma potential from this source.
A number of techniques were used to demonstrate 
that alanine, per se, remained in the heated alanine-gluco se 
mixture when the degradation had apparently ceased. These 
included paper chromatography in a series of neutral, 
acidic and basic solvents (table 17), and use of a Technicon 
amino acid autoanalyser. A11 these techniques confirmed 
that the heated mixtures still contained unreacted alanine. 
Paper chromatography was used to demonstrate that these 
mixtures also contained unreacted glucose.
JaMA 31
Confirmation of tie presence of alanine in the heated mixture.
Solvent system Rf value Rf
Ninhydrin + ve authentic
compound of alanine
heated mixture
CHCI3 x ^UA(5 • (CH^^ CO 0 0
EtOH : H20 45 45
PrOH x NH3 26 26
PrOH x ME£ 7.6 7.0
Chloroform s acetic acid x acetone (60x10x30 v/v)
Ethanol x water (70x30 v/v)
n-propanol : ammonia 0.880 (70x30 v/v)
n-propanol x methyl ethyl ketone x water (70x20x20 v/v)
In the light of these results it is now possible 
to outline a hypothesis which can be used to explain 
the anomalous behaviour of amino acid/sugar mixtures, and 
to consider theevidenoe in favour of this hypothesis.
The reaction profiles obtained when mixtures of simple 
amino acids aid glucose were heated at different temperatures 
in the dry state for one hour (figure 5) are very similar 
in farm, and may be represented as the addition of two 
simpler component curves (figure 7)
$ of amino 
acid degraded 
in one hour
Temp Temp
fig 1 Idealised form of amino acid degradation profiles.
It is suggested that these two component curves 
represent the effect of temperature, on the extent of 
amino acid degradation in the solid state (a ), and in an 
amino acid-sugar melt (B), respectively. For each amino 
acid examined the discontinuity of slope of the 
experimentally observed curve occured within the rate 
130° - 145°C, close to the melting point of pure glucose. 
The visual appearance of the mixtures were also in accord 
with this hypothesis. Thus it appeared that the 'dry 
state' reaction in an amino acid-glucose mixture could 
occur in one or other of two distinct physical states 
depending on the temperature.
The solid state reaction curves (A) clearly 
approached a limiting value of amino acid degradation,
mwhich was less than 100% (30-70% for the amino acids 
examined). However, at temperatures sufficiently 
hi$i to effect melting, this limit on the extent of 
amino aoid degradation apparently disappeared.
The complete explanation of tie earlier results, 
and the verification of this hypothesis, depended on 
further considerations of the restraints imposed by the 
heterogeneous solid state reaction.
Solid state Amino acid-glucose reactions.
The mixtures of amino acids and glucose used 
in these studies were prepared by grinding the dry components 
together in a mortar, to simulate the type of mixtures 
th; t were postulated to be formed in the cocoa beans 
during fermentation (see part one). These mixtures were 
accordingly micro-crystalline. Before heating, each 
sample was brought to a uniform equilibrium relative 
humidity of 1 1.5%, by allowing it to equilibriate with 
the vapour of a saturated lithium chloride solution. Thus 
the crystalline material probably contained adsorbed 
layers of water molecules, with a uniform activity.
As was explained in the introductory survey the 
reactions of amino acids and sugars can involve two 
primary types of reaction; spontaneous sugar degradation 
and amino acid-sugar condensation, and it was postulated 
that these reactions would be affected in different ways 
by the solid state conditions. Accordingly, attempts were 
made to measure the relative extents of these reactions, 
irnder the conditions described above.
Since cocoa roasting may involve temperatures 
considerably above and below 140°c, these studies were 
extended across the probable solid-liquid transition 
temperature•
The determination of the sugar degradation was 
greatly facilated by the use of gas chromatography of
trimethylsilyl derivatives16 ,^ This method, which
permitted the separate determination of the oC and /3 
pyranose isomers, was used to study both glucose degradation 
and anomerisation. The extent of degradation of glucose, 
when heated alone, or with traces of alanine or citric acid 
is shown in table 18. Measurements of the ratio of the 
glucose anomers tjy this method were subject to a somewhat 
smaller error than the absolute determination of glucose 
degradation, since this ratio could be measured on the same 
chromatogram. Variations in the amounts of material injected 
into the chromatograph were largely responsible for small 
errors in the absolute glucose determination.
Anomerisation appeared to occur quite readily 
in the solid state, and became extremely rapid above 
the solid-liquid transition temperature (ca 145°C),
Solid state anomerisation of glucose, was first reported 
by Broido, Houminer and Patai^. The degradation of 
glucose also occured in both the solid state and in the 
glucose melt, but was generally very much slower than 
anomerisation under the same conditions. This 
degradation appeared to be subject to acid catalysis, 
small additions of both alanine and citric acid resulting 
in increased rates of degradation, and it appeared to be 
less dependent on the solid-liquid transition than 
the anomerisation reaction.
Degradation and anomer.lsation of glucose in the "dry* state
Temperature
90
120
130°C 140°C 150°c
Material8, G,► A G G.A G G.A
Anomer ? °( P o< P u  p <* P
Time(min)
0 164 6 158 18 173 8 149 28 168 10
5 - - 154 20 123 77 92 76 78 92
15 - - 138 32 97 86 78 86 61 74
30 152 8 110 49 79 99 75 84 61 74
60 156 10 95 77 65 H 6 63 70 52 58
140 10
136 14
Temperature
Material 
Anomer
Time 
(min)
160°C
a G G.A g .c .a .
0 245 19 215 12 204 16
5 - - 95 102 - -
15 96 117 91 107 39 38
30 96 108 74 77 23 22
60 80 89 66 83 16 18
G Glucose
G.A. Glucose/alanine 500:1 w/w 
G.C.A.Glucose/citric acid 500:1 w/w 
peak areas under stdard conditions.
P.f. bo.11.4. s^ te,j:ej^ cJion.t, 
Although the amino acid degradation was observed
mto reach a constant value both in the solid state and 
in certain liquid state situations, it was considered 
possible that different mechanisms were responsible 
in the two different phases. This was investigated by 
examining the result of remixing the components of the 
solid state reaction, after the amino acid degradation 
had ceased. The effect of melting this mixture was also 
examined. Remixing was effected by redissolving ihe 
products of -the reaction in water, freeze-diying this 
solution, and reheating as before.
The results of this redistribution of the 
components of the solid state reaction are shown in 
figure 8, and these provided convincing evidence that 
the degradation ceased because the solid state condition 
imposed a physical restraint on the reaction. Somewhat 
similar results were previously obtained by Lea and 
Hannan1^0, using a heated casein-glucose mixture.
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Extension of A lanine Degradation.
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It is suggested that this physical restraint 
on the reaction can be explained in terms of a ’reaction 
zone* which coincides approximately with the phase 
boundary between crystals of the reactants. This ’reaction 
zone* is conceived as that region of the mixed crystalline 
material in which chemical reactions may occur between 
the various components of the mixture. This may include 
adsorbed layers of water molecules, and would be effectively 
extended by the diffusion of ihe reactants towards this 
zone, Further extension of this zone may also result from 
local reductions in the melting points of the pure solid 
phases, due to the outward migration of accumulated 
reactioi^roducts. Liquid products such as water may be 
particularly effective in extending 1he reaction zone into 
the pure solid phases.
This concept of inter-crystal interaction is not 
entirely new, a somewhat similar interaction is implicit 
in the technique of ’mixed melting points*.
In terms of the ’reaction zone’ concept it is 
apparent that the two modes of initial reaction in an amino 
acid-sugar reaction would be subject to different restraints 
in the solid state. Thus, while the amino acid-sugar 
condensation would rely almost entirely on the reaction zone 
as a means of effecting the contact of the reactants, 
spontaneous thermal degradation of glucose would be 
independent of this zone.
Reactions of the former type would cease when the 
concentration of one reactant in the reaction zone was 
effectively zero. This implies that the rate of 
diffusion of this reactant into the reaction zone, has 
also ceased, and that the cessation of reaction was due 
to the build-up of a protective layer of reaction 
products (see later discussion).
In the liquid phase -the reactants can mix 
more freely, and the mechanical constraint on the reaction 
will not operate. At the temperat res required to achieve 
this physical state, thermal degradation of glucose becomes 
an important reaction (table 18), and two competing 
reactions may occur simultaneously :
a) Glucose ----- Products
b) Glucose + amino acid ---^ Products.
Provided the rates of -the se reactl ons are of comparable 
magnitudes, and the initial ratio of glucose and amino acid 
is not too far removed from unity, the dual routes for 
glucose degradation will ensure that this reactant is 
exhausted before the amino acid.
The observed glucose degradation at l60°c was 
studied in mixtures of alanine-glucose with similar compositions 
to those previously described (table 16). In those 
mixtures with ratios between 2 : 1 and 1 : 2 M, glucose 
degradation was extremely rapid (complete in 5 mins), 
although with a ratio of 5 s 1 M (glucose/alanine) the 
time for complete glucose degradation exceeded 15 minutes.
This suggests that the gLucose degradation was somewhat 
slower than the amino acid-sugar reaction under the same 
conditions.
Previous observations of the solid state reaction 
had shown that the gLucose degradation had continued 
slowly after the amino acid degradation had ceased. This 
is consistent with a dual mechanism as outlined above 
in which the glucose degradation occurs slowly, while 
the amino acid-sugar reaction occurs at a faster rate 
until inhibited by a constraint such as that described.
The reaction zone concept could also be used 
to explain the effect of temperature on the final extent of
reaction of the amino acid* Increased temperature of 
the solid state mixture would increase the size of the 
reaction zone, by virtue of increased diffusion rates, 
and solubilities, and by increasing the extent of local 
melting* This effective extension of the reaction zone 
would increase the amounts of the reactants within its 
compass, and hence the final extent of reaction.
Anomerisation of glucose presumably oocured within 
the reaction zone, as was evidenced by the rapid increase 
in the rate of this reaction after melting (table 18).
Under the conditions of the solid state reaction anomerisation 
may have also been responsible for initiating the amino 
acid-glucose condensation. In solution the glucose anomers 
exist in a dynamic equilibrium which involves a an all 
concentration of the acyclic aldehydo-glucose as an 
intermediate (see introductory survey).
o ( Glucose V " aldehydo-glucose £ Glucose
The rate of anomerisation represents the rate at which 
this equilibrium is established, and hence the availability 
of the acyclic isomer, which is the species involved in 
the initial amino-acid-glucose condensation. Assuming 
that the same considerations applied within the reaction 
zone, rapid anomerisation implies that the aldehydo- 
glucose could be rapidly replaced as it reacted. Since 
the solid glucose used in these studies was predominately 
in the alpha form, it is significant that the 
pyranose anomer was not observed to be farmed during the 
reaction of amino acid-glucose mixtures which contained 
a reasonable porportion of amino acid. This would 
suggest that the formation of the aldehydo-glucose 
was a rate determining step in the amino acid degradation.
The effects of acids and acid salts on the amino 
acid degradation were also in accord with this inter­
pretation, since agents capable of increasing the rate 
of anomerisation would increase the rate of aldehydo-glucose 
formation, and hence the rate of amino acid reaction.
The rate of mutarotation of glucose (the optical
manifestation of anomerisation) is subject to acid-
bass catalysis1 1^ ,and it has been demonstrated that
neutral salts decrease the rats of the mutarotation172of glucose,fruetoss,galactose and maltose •
Assuming that these effects also applied in the 
reaction zone,acids,and salts which hydrolysed to give 
acidic or basic solutions would increase ths rate of 
amino acid reaction,while neutral salts would hare the 
opposite effect* This was in accord with the observed 
behaviour of the model systems*
However,increased local melting may have also 
have occured in these mixtures,with a resultant increase 
in the extent of the reaction* The acids used in these 
studies may also have had an additional effect,the dilution 
of the reaction zone with unreactive material* Thus 
the operation of four factors simultaneously,may have 
been responsible for the rather strange relationship 
observed between the extent of amino acid reaction 
and the amounts of citric acid added (table 13) viz:-
a) Enhancement of the rats of aldehydo-glucose reaction*
b) Acid suppression of ths nucleophllic amino groups*
o) Increased local melting*
d) Dilution effects*
The first two of these could conceivably produce a maximum 
reaction rate at a moderately acid pH (corresponding to 
25% citric acid ?),while the third was probably most 
important,possibly leading to an overall increase with 
increasing amounts of acid*
It remains to explain the observation that the 
amount of amino acid degraded in a given mixture was 
independent of the initiel ratio of reactants* This 
was^further consequence of the solid state reaction 
conditions*
12fc
At a given temperature, the final extent of 
amino acid degradation was related to the amount of 
amino acid which was within the reaction zone when 
the reaction censed. Assuming that the reaction zone 
occupied the whole surface of the amino acid, its total 
area would depend only on the surface area of amino acid. 
Formation of a protective layer on this surface would 
require the reaction of a definite number of moles of 
amino acid, and similarly a definite number of moles of 
sugar. If sufficient sugar was present to form this 
layer, the anount of excess sugar In the bulk phase would 
not materially effect the extent of degradation necessary 
to prevent reaction. Thus to a first approximation 
the amount of degradation necessary to inhibit the 
reaction would be independent of the initial ratio of 
the reactants.
A simple analogy may make this clearer. Consider 
a certain volume of a liquid A, which is suspended as a 
spherical droplet in an immiscible liquid B, and assume 
A and B can react to form an insoluble product which will 
occupy the interface between them preventing further 
reaction.
Layer of product
Idealised phase bou dary situation.
If the volume of liquid B is increased relative to that 
of A, -this will not affect the amount of A which must 
react to prevent further reaction. However, the validity 
of this argument only holds when a total change in the 
ratio A/B does not materially change tiie surface area of A 
and B in contact. In the solid state reaction of amino 
acids aid glucose examined, this appeared to be approximately 
so witiiin the range of ratios examined.
It was also significant, that a slight increase 
in the extent of degradation was observed when the ratio
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of the reactants was unity, and could be explained as 
follows. Assuming that the particle sizes
of the amino acid and the gLucose crystals were approximately 
equal, and iiie mixing completely random, the total surface 
area of the reactants in contact depended equally on 
the amounts of both reactants present in the mixture.
Thus the total surface area in contact was proportional 
to the product of the fraction of glucose present multiplied 
by the fraction of amino acid. This product has a maximum 
value when the fractions are equal. Thus when the amounts 
of gLucose and amino acid present were equal, the total 
surface area in contact was also maximal, and the final 
extent of amino acid degradation would have had a maximum 
value.
The implications of these findings to the production 
of aroma tdion 'dry' mixtures of amino acids and sugars 
are heated may be summarised in the following manner.
The extent of amino acid reaction, and hence 
the possible amount of 'aromatic' material which can be 
produced from this source, depends on the physical state 
of iiie reactants. In the solid state, micro-crystalline 
mixtures of amino acids and reducing sugars will not 
completely react, arid increasing the proportion of sugar 
present will not necessarily increase the amount of 
amino acid degraded. Mixing the reactants during 
reaction, or mixing aiki reheating after reaction may increase 
the extent of reaction.
Increasing the temperature will increase the 
rate of reaction and also the final extent of reaction, 
especially if melting results, but may have the disadvantage of 
increasing the amount of spontaneous sugar degradation 
relative to the amino acid degradation, with a resultant 
change of aroma.
It is difficult to be certain just how much 
importance this may have during "the low temperature 
roasting of cocoa beans, but obviously it considerably 
influenced the reaction of the freeze-dried precursor 
extracts. It is considered that the drying of con­
centrated solutions of amino acids and sugars, would 
result in the production of small crystals of amino 
acids in a syrupy matrix, but the exact physical condition 
probably depends on "the method of drying. Nevertheless, 
any lack of homogeneity of -these reactants may obviously 
be a source of incomplete reaction, and result in a loss 
of the potential aroma of the system. This loss may be 
considered to be a consequence of 1he mechanisms of the 
formation and mixing of the components in the fermenting 
cocoa beans.
These observatlons must be qualified by two 
other considerations which remain to be examined 
experimentally. These are, the influence of particle 
size on the extent of reaction in the solid state, and 
the possibility that the components of the cocoa bean form 
a eutetic mixture which would be liquid at all normal 
roasting temperatures.
The first of these is undoubtedly very important, 
but its examination is ccn ciderably complicated by the 
need also to consider the distribution of particle size 
and shapes which occur in a real mixture. In a recent 
study of ihe reactions during frying, Talley and Porter, 
prepared models for potato crisps by soaking filter paper 
discs in dilute solutions of amino acids and sugars, 
dried these,and fried them in deep fat at 130°C1 ^.
Under these conditions, the amino acid degradation appe red 
to approach its theoretical limit without any cessation 
of reaction. The difference between these results and 
those of the present study may be due to differences in 
particle size, or possibly the effects of' oil on the 
reaction zone.
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The naturally precipitated precursors of 
chocolate aroma may lie somewhere between these extremes, 
but in the absence of further evidence, exactly where 
must remain a matter for speculation.
The effect of flavanoids on the reaction.
In the initial stuiies of the reactions of the 
possible chocolate aroma precursors, the emphasis was 
placed on the reactions of the amino acids and sigars.
The role of flavanoids in these systems was obviously 
also important, but was deliberately avoided as a possible 
further source of complexity in the preliminary studies. 
The results discussed above seemed to justify this 
simplification, but clearly further examination of systems 
of the type amino acid-glucose-flavanoid were necessary.
These studies, which were confined to the 
use of epicatechin as a model compound covered the 
examination of its possible chemical interaction and 
degradation, its effect on the volatile reaction products, 
and its influence on the post-heating changes.
The reaction o:C epicatechin in the valine-glucose mixture.
Epicatechin, a pale yellow solid, is a typical 
polyhydroxyflavan-3-ol, with the 3*>4*,5,7 totra 
hydroxy substitution pattern characteristic of eyanidin.
OH
H
Epicatechin
Epicatechin is appreciably soluble in water 
and its solubility is enhanced by acids. Paper
W k
chromatography of a mixture of valine, glucose and epicatechin 
using water as an irrigating solvent can be used to separate 
epicatechin from the faster moviig sugar and valine, and 
this was used to devise a method for estimating the 
epicatechin content of heated mixtures of this type.
(see experimental section).
Epicatechin was destroyed when heated both 
with valine-glucose, and with valine alone at 150°C.
(figure 9). In each reaction the degradation tailed off 
rapidly after 30 minutes, probably for a reason similar 
to that used to explain the incomplete reaction in the 
amino acid-sugar mixtures. Degradation oceured to a 
much greater extent in the presence of glucose, and this 
may have been due to the increased local melting which 
apparently occured in this mixture. Thermal degradation 
of epicatechin was unlikely to occur under these 
conditions1*^ # ^  seemed possible that the valine
and epicatechin were reacting in these mixtures, although 
the simultaneous occurence of a glucose-epicatechin 
reaction could not be ruled out.
The only non-volatile product which could be 
isolated from the heated valine-epioatechin mixture was 
non-nitrogenous, and it appeared to be an epicatechin 
polymer. Although this substance was less soluble in 
water than the epicatechin, and moved more slowly in acidic 
chromatographic solvents, it gave very similar responses 
with the nozmal polyphenolic reagents.
142
The degradation of epicatechin in model mixtures at 160° C
Figure 9 <
examination of the products of a heated glucose- 
epicatechin mixture,resulted in the separation of six 
components by paper chromatography (table 19) .""Four 
ox -hese reached positively to Barton’s reagent,and five 
reduced ammoniacal silver nitrate* Bpicatechin and 
glucose would appear to have reacted under these conditions, 
although the amounts of reaction products which could 
be isolated were very small,and no degradation of epicatechin 
littS observed analytically. In consequence, these results 
appeared somewhat inconclusive , and the relatively
large amount of epicatechin present suggested the
_____
possibility that the chromatographic responses for 
phenolic compounds could have resulted from the contamination 
of sugar degradation products with epicatechin.
T-abie 1,2
Paper ohromatographv of the products of heated epioatechin-
gluoose.
Spot No Rf in *leacting with
B.A.W* Water B.R1* AgNO, 0 P.N.Ad
le 77 26 I I M
2 61 32 M W
3 63 55 M W
4 48 65 S M M
5 41 65 S
6 20 77 - V
7 17 50 - If
8& 18 100 I
a.... n-butanol, acetic acid, water (4si15 v/v)upper phase.
b.... Barton's reagent.
c.... Ammoniacal silver nitrate
d.... Diazotised p-nitroaniline
e.... Epi cat e chin
f.... Reaction only after standing overnight.
g.... Glucose.
Visual intensity of spots shown,
I intense, S strong, M moderate, W weak.
The Volatile Products of the Reactions
Studies of the volatile reaction products were 
confined to the examination of those systems of simple 
amino acids, glucose and polyphenols which gave reasonably 
high scores for chocolate aroma when roasted (part one).
A number of other systems were examined for the purpose 
of comparison, and "these included samples of the volatiles 
produced during the large scale roasting of Accra cocoa 
beans. The object of these studies was to attempt to 
identify the components necessary for the recognition 
of chocolate aroma,and to obtain information on the way 
in which the se were formed during the roasting of cocoa 
beans.
During the later stages of this study, a combined 
gas chromatograph-mass spectrometer became available, 
and a number of earlier studies, which had been made 
using comparatively simple gas chromatographic equipment, 
were repeated. However, the technique used in these 
earlier studies, could not be conveniently repeated 
using the more sophisticated but less flexible apparatus.
For "this reason, some of these earlier results are presented 
here, although clearly the value of these results would 
have been increased by mass spectral examination of the 
compounds discussed.
Preliminary examinations.
A anall-scale roasting technique was developed 
for preparing and examining ihe volatile products formed 
by heating approximately 10 mg amounts of amino acids 
and sugars. This hadthe advantage of allowing ihe whole 
of ihe volatile material to be examined (see experimental 
section, and was used to examine the products formed 
by heating valine with a series of degrading agents, which 
included glucose, fructose, mannose, sucrose, xylose and 
diacetyl. The hexoses were similarly heated alone, 
and examined under the same conditions.
Two distinct groups of volatile substances 
were formed by heating these mixtures. These were a high
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boiling group of substances,which appeared to arise 
principally as a result of sugar degradation,and a very 
much lower boiling group,which apparently contained 
substances formed both by sugar degradation and amino acid- 
sugar reaction.
The high boiling materials were the major products 
formed by the model systems,and with the exception of 
those formed in the presence of diacetyl,their gas chromato­
graphic patterns appeared very similar. No differences 
in composition were apparent in this high boiling range 
between the compounds formed by heating valine with the 
three hexoses,and those formed when these sugars were 
heated alone. The three hexoses examined,glucose,fructose 
and mannoss,differ only in their structure at carbon atoms 
1 and 2 of the hexose chain,and can be interconverted by 
the Loby de Bruyn,van Ekenstein rearrangement. This 
rearrangement involves the Intermediate formation of a 
1,2-endiol,which has been suggested as the initial inter­
mediate of acid catalysed hexose degradation10**. ( see 
introductory survey) The formation of this type of compound 
in an initial sugar degradation could explain the observed 
similarity of products from these three hexoses.
The relative retention volumes of the low boiling 
volatile products resulting from different model systems 
permitted the classification of these products into groups 
according to the nature of the degrading agent. The products 
obtained from the three hexoses ware again apparently similar.
Furfural (low boiling),5-hydroxymethyl-furfural and 
laevulinic acid (high boiling) were tentatively identified 
as products of these reactions.
During a number of unsuoessful attempts to isolate 
the products of glucoss degradation at 140°C on a large 
scale,authentic glucose was heated after being dispersed 
on a series of 'inert* porous materials. Thsss included 
glass wool,acid washed sand,and various grades of celite.
The volatile materials obtained after this 
treatment invariably contained larger amounts of 5-hydroxy- 
methyl-furfural end simple furans than the systems 
described above, which were roasted in a stainless steel 
tube. Other components, which had previously been 
observed, were not formed, or were present only in small 
amount. An intermediate type of chromatogram was obtained 
when glucose mixed with celite was roasted in "the stainless 
steel tube. Generally it was concluded that when an 
'active* surface such as that of glass or celite was 
present, the production of 5-hydroxymethyl furfural was 
increased at the expense of other degradation products.
The catalysed formation of 5-hydroxymethyl furfural 
from glucose in the presence of glass and other materials, 
has been independently examined in considerable detail 
by Orsi1^ .: , . -dfr ■ . ■ ;• :V\ >'''
Gas chromatogranhy-mass spectral examination of the 
reaction products.
A method was devised far collecting the volatile 
reaction products of amino acid-sugar reactions, for mass 
spectrometric examination, which involved the use of an 
all glass high-vacuum distillation apparatus. This 
technique had the disadvantage of incomplete separation 
of the high boiling materials, and the possible catalytic 
effect of glass on the reaction products, but these 
disadvantag s were balanced by the mass spectral information 
which could be obtained.
The amount of mixtures which could be heated and 
distilled in this apparatus was limited to some 2.0 grams, 
due to the poor heat transfer characteristics of the 
solid mixtures examined. Above the melting points 
of these mixtures, considerable frothing occurred, and 
it was necessary to adhere to a very strict regimen of 
heating and pumping techniques.
When dry mixtures of glucose and amino acids 
were distilled under these conditions, a four part distillate 
was obtained. The volatile reaction products (ca 30# of 
the reactants) consisted of an aqueous solution, an 
immiscible and less dense organic liquid, a yellow-'vdiite 
solid, and a high boiling brown tar which condensed in 
the connecting piece between the heated vessel and the 
trap.
No significant qualitative differences were 
observed between the chromatograms of the aqueous portion 
of the distillate and of the organic liquid, although the 
bulk of the volatile organic material was preferentially 
soluble in the organic (aldehyde) layer* Attempts to 
homogenise these two phases with methanol before 
chromatography were generally unsatisfactory, since not 
only did the solvent interfere with the chromatography 
but other products, possibly hemi-acetals, were formed.
The amounts of yellow-white solid formed varied 
with -the conditions of reaction, the maximum amount being 
obtained when mixtures of leucine-glucose were distilled 
without preliminary melthg. These solids which could be 
re crystallised from methanol, and resublimed, were 
examined directly using the solid inlet system of a 
Hitachi R.M.U. 6 mass spectrometer.
Comparisons of the resultant spectra with those of 
authentic valine and leucine, confirmed that these amino 
acids were capable of subliming under the conditions 
of distillation. This was unexpected, although the 
direct mass spectrometry of amino acids had been previously 
reported1"^. The base peak in the mass soectra of these 
amino acids was due to the ion of iiie corresponding amine 
forned by decarboxylation. Although these amines were 
formed by strongly heating 1he amino acids at atmospheric pressure 
they could not be detected in the distillates prepared 
by vacuum distillation.
The brown tarry materials which incompletely 
distilled into the traps, could be removed by washing 
with methanol. This tarry material appeared to be 
similar to the high boiling material previously described, 
and co-chromatography with authentic 5-hydroxymethyl 
furfural on paper, showed this to be the major component 
of the tar.
Thus of the four portions of the distillates 
obtained, one, the aldehydic organic liquid, appeared to 
contain the bulk of the volatile products of interest 
and this relatively dry, mobile liquid was particularly 
suitable for direct gas chromatography-mass spectral 
examination.
I'ho oxidation of the Btrecker Aldehyde.
The chromatograms of the distillates produced 
by heating mixtures of valine and leucine with glucose 
were surprisingly simple, considering the known complexity 
of the reactions and the freshly prepared distillates 
appeared to consist mainly of the normal 'Streaker' 
aldehydes.
R.CH.NH2COOH ---- > R.CHO + C02 + (NH3)
Acetic acid and furfural were also formed in both cases, 
The only other major product formed in these systems 
was an aldehyde condensation product formed in the 
leucine-glucose mixture (see later discussion).
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rapidly oxidised by air (table 21), and the corresponding 
fatty acids rapidly became major products., although very 
little of these acids were present in the freshly prepared 
vacuum distillates. This was interesting from a 
mechanistic view point, since obviously the source 
of the oxidative deamination of the amino acid could not 
further oxidise the product of this reaction. The 
oxidation of the aldehydes was appreciably retarded by 
the addition of solid epicatechin to the distillates 
(table 21). Th s apparently the epicatechin could 
function as an antioxidant in this system, although the 
reaction was not completely inhibited in its presence, 
even when it was added in considerable amount. In the 
absence of epicatechin the oxidation was initially very 
rapid, but some aldehyde remained unoxidised even after 
standing for three weeks.
System Component Relative 
Peak Area
Identified
Valine- Isobutyraldehyde 18 x 103 m.s.
glucose Acetic acid 128 a m.s
Isobutyric acid 18 a m.s
Leucine- Isovaleraldehyde 20 x 105 m.s
glucose Aldol - H20 ? 400 m.s
Acetic acid 42 a m.s
Isovaleric acid 15 a m.s
a ..... a acidity of effluent to indicator paper
m.
r.
s mass spectra 
v retention volume
) compared with the 
authentic compounds.
The aldehydes formed by this reaction were
Oxidatlon of the aldehydes in the distillates.
System Time Peak areas mm^ acetic
hours •Strecker acid* acida
0 18 123
Valine- 1 234 128
glucose 2 518 130
(ill M) 22,5 off scale 1120 130
4 + epicatechin 50 130
23.5 + epicatechin 250 179
0 15 33
Leucine- 1 278 35
gluco se 2 off scale 1233 45
(111 M) 3 + epicatechin 300 56
a....... unchanged by oxidation, used as an internal marker.
The fatty acids which can be produced in this 
way from valine and leucine have strong * fetid* aromas 
which differ considerably from the sharper aromas of 
the original aldehydes, and obviously these could make 
an important contribution to the aromas of all systems in 
which they are formed. The formation of these acids 
may explain the aroma changes observed in the Immediate 
post-roasting period (part one). This may also have 
some relevance to the chocolate conching process, which 
may involve the aerobic oxidation of the roasted 
chocolate mass.
Since these fatty acids, tended to chromatograph 
very badly on all suitable gas chromatographic stationary 
phases, a system of removing the acids from the distillates 
was devised (see experimental section). This was used 
immediately prior to all subsequent gas chromatography
of the distillates*
Interestingly,the amounts of iso-butryaldehyde 
formed by heating a valine-glucose mixture,were reduced by 
some 25% when epicatechin was added to this mixture before 
heating (1:1:0*25 M)* This may have been solely due to 
the dilution of the reactants by the epicatechin* However, 
it would appear that epicatechin could reduce the 
production of fatty acid in this system, both by reducing 
the amount of aldehyde produced,and by preventing its 
oxidation*
Aldol condensation 
During the initial examination of the volatile 
products formed by heating valine or leucine with glucose 
it was observed that reasonably large amounts of a 
compound of molecular weight 154 was formed in the leucine 
-glucose mixture,although no comparable product waa 
formed in the valine-glucose system*
This product (an anal) was apparently formed by 
self condensation of iso-valsraldehyde,followed by 
dehydration :-
CH, m o CH, CH, OH CHOV  1 2 V  ' 1;CH.CH0 CH.COOH % CH.CH_ CHO ^CH.CH *CH- CH/  * / 2 X  c \CH3 CH? CH3 CH
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C H j CH
CH, CHO ^  CH,
V  1 / 3
Leucine i30-valeraldehyde Aldol
\3
y  CH.CHp.CH *= C ~CH
/  \CH5 CHj
3-Formyl-2,6 dimethylhept-3-ene*
Iso-butyraldehyde,the corresponding Strecker
aldehyde formed from valine, has only one alpha hydrogen 
atom so that the aldol, if formed under these conditions 
could not eliminate water to give an unsaturated
product*
CH - NHp C H , CH CH-
v  I \ ?  \ 3  /  ^
CH. — CH . -  COOH CH.CHO C H .C H .C   CHO
/  /  / \ \
CH5 CH3 CH5 o h  c h 5
Valine i-butyraldehyde
2 - Formyl - 2,4 - dimethylpentan - 3 - ol
Since the aldol condensation is a reversible 
reaction, the irreversible dehydration of the product 
may act as a driving force in shifting the equilibrium 
towards the aldol, and henoe still further increase the 
amounts of the enal formed.
This relationship was examined in more detail 
using the commercially available isomers of leucine. 
Relatively large amounts of the corresponding enal were 
formed by heating nor-leucine with glucose, while no 
corresponding product was obtained from iso-leucine. 
Iso-leucine is similar to valine in that it has only 
one P hydrogen, and this position is again sterically 
hindered to same extent (figure 10).
Figure 10
The relationship between amino acid structure and enal
format! on.
CH~ /COOH CH-t COOH
\  /  \  /CH.CH CH.CH
/  x -.„ Z  \ch5 nh2 c2h5 nh2
Valine Iso-leucine
(no enals formed)
CH-* COOH COOH
x  /  /^CH.CHgCH GH5(CH2)3Cy
CHj NH2 NH2
Leucine Nor-1eucine
Strecker degradation 
Aldol condensation 
Dehydration
Since the enal formed from nor-leucine is less 
branched than that from leucine,the assignment of 
to the ions obtained from this material was aasier 
than a similar assignment to the ions formed by 3-formyl- 
2,6, dimethylhept-3-ene (This molecule probably 
undergoes considerable ’McLafferty rearaangement9 during 
mass spectrometry)* Nevertheless,the mass spectra 
obtained from these two compounds were generally fairly 
similar,and the 10 most abundant ions formed by each 
compound are compared in table 21a*
Table 21a
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Parent amino acid Leucine nor-Leucine
Strecker aldehyde iso-valeraldehyde n.valeraldehyde
Enal 3-F orrayl-2,6-dimethyl- 4-Formyl-
hept-3-ene non-4-ene
Molecular Ion 154 154
m/e A m /e A
439 B 154(P) B
419 87.5 125 96.5
699 83.0 559 87.0
9 common 979 66*5 419 74.5
abundant 559 56*2 83 55.3
ions 1 1 1 9 51.5 439 49.1
39 39.6 81 42.9
139 38.2 699 41.2
279 37*0 1 1 1 9 34.9
137 32*0 979 31.8
m/e mass to charge ratio of ions A relative abundance of
ions
( Instrument does not permit accurate determination of 
P/P+l/P ♦ 2 ratios)
The e n a ls  formed in  t h i s  way from le u c in e  and 
n o r - le u c in e  had a p le a s a n t  ' f r u i t y '  aroma. E n als o f  
t h is  typ e are a lso  formed in  cocoa1 2 6 , a lth o u gh  th e  
compounds which have been d e s c r ib e d  in  t h i s  p rod uct are 
a p p a re n tly  formed in  c ro sse d  a ld o l  c o n d e n sa tio n s, 
which in v o lv e  p h e n y la ce ta ld e h y d e  and s im p le r  a ld eh yd es 
such as  may be farm ed from a la n in e , v a l in e  and le u c in e .  
P h e n yla ceta ld eh y d e  i s  th e  a ld eh yd e which would be exp ected  
fo llo w in g  th e  S tr e c k e r  d e g ra d a tio n  o f  p h e n y la la n in e , and 
th e  form atio n  o f an e n a l frcm t h i s  compound may be co n sid ­
e r a b ly  a id ed  by th e  p rese n ce  o f  the ph en yl s u b s t itu e n t . 
T h is may s t a b i l i s e  th e  in te rm e d ia te  ca rb a n io n  by 
d e lo c a l i s a t i o n , ©
and th e e x te n s iv e  co n ju g ated  system  form ed
in  the p ro d u c ts , may in c r e a s e  th e  ease  o f d e h y d ra tio n :-
Ph.CH -  CHO PhD -  CHO
I -  h 2 °  \
R.CH -  OH R.CH
O b v io u sly , s t r u c t u r a l  f a c t o r s  o f  t h i s  ty p e  may 
p la y  an im p o rtan t r o le  in  c o n t r o l l in g  the amounts o f  th ese  
compounds formed d u rin g  th e h e a tin g  o f  f o o d s t u f f s .
T raoes o f  what appeared to  be is o m e ric  e n a ls ,  
were a ls o  formed d u rin g  th e  r e a c t io n  o f th e  le u c in e - g lu c o s e  
m ix tu re s  (se e  l a t e r  d is c u s s io n ) .
fiflfflmAPflA Q/. f t . f i  o£  the .pojLS.lble
Rrqquy.aff.r .s j^e m s.j.
The v o l a t i l e  compounds produced by h e a t in g  m ix tu re s  
o f  v a l in e - g lu c o s e ,  le u c in e - g lu c o s e  and v a l in e - g lu c o s e -  
e p ic a te c h in  were compared w ith  th e  components o f  a n a tu r a l 
cocoa aroma c o n c e n tra te  in  the hope o f  e s t a b l is h in g  some 
c o r r e la t io n  betw een aroma s c o r e s  (p a rt  one) and ch em ical
jU&
composition. Many of the minor compounds formed in 
these mixtures were present in amounts too snail to be 
detected in the mass spectromer. Also, the mass spectra 
of many of these compounds have not been previously 
described and their identification was necessarily 
extremely tentative. At the present time, there is 
little justification for attempting to prepare these 
compounds, but the data obtained is recorded here in 
the hope that this may assist future investigations in this 
field (Tables 24, 25, 26).
The aromas associated with particular areas of 
the chromatograms were assessed by smelli g a portion of 
the samples during gas chromatography. This was made 
possible by the use of a pre-detector effluent splitter.
The aromas of -the effluents from the distillates 
were generally in accord with the identifications, but 
frequently an aroma was obtained when no peak was apparent 
on the chromatogram. The majority of these aromas were 
fruity, sweet or reminiscent of caramellised sugar.
A cocoa-like aroma was eluted from oxidised distillates 
of leucine-glucose, in a position immediately preceeding 
the iso-valeric acid peak, and a similar aroma was observed 
in the same position when a natural cocoa aroma concentrate 
was run under the same conditions. Attempts were made to 
identify the compounds in this area of 1he curomatogram 
using a simple preparative technique (see experimental 
section)•
The chromatograms obtained by collecting and 
running the preparative effluents were somewhat disappointing, 
since this area of the chromatogram apparently contained a 
large number of components which were extremely difficult 
to resolve. The major component, which was eluted in the 
area where this aroma appeared, was identified as trimethyl 
pyrazine. This has an aroma, which had for some time been 
recognised as an important contributing factor to cocoa 
aroma, and which can loosely be described as *wet paper*.
The presence of this compound in cocoa has been reported 
by van Praag,Stein and Tibbetts126, who described its 
formation, together witii other pyrazines from glucose and 
ammonia. Other routes to the formation of pyrazines 
during amino acid-reducing sugar reactions have been 
described in the introductory section, and it is apparent 
that these compounds are an important source of aroma.
An examination of the whole cocoa aroma condensate, 
showed that another pyrazine, namely 2,3.5.6 tetramethyl 
, pyrazine was present in even greater amount than the 
trimethyl derivative. However, even though this compound 
has a somewhat similar aroma to the trimethyl pyrazine, 
it is a solid with a very much weaker aroma than the 
trimethyl compound, which is a mobile liquid.
In the light of the possible importance of these 
compounds to the aroma of chocolate, an attempt was made 
to remove and concentrate the basic components of the 
cocoa condensate, using a cation exchange resin. Six 
pyrazines were conclusively identified in the resultant 
concentrate (table 22), In addition, a number of other 
aromatic compounds were also present, suggesting that the 
resin could physically adsorb certain aromatic compounds*
Table 22
Oonmoncnta of the baaio concentrate of the cocoa condensate
Compound Identified by
Methylpyrazine m,s r.t
2,5 Dimethylpyrazine m,s r,t
Trime thylpy razine m,p r.t
Te trame thylpyrazine m.s r.t
2-Ethyl-5 , 6-dimethylpyrazine m.s r.t
Pyrazine m.s r.t
— Phenyl ethanal m.s r.t
- Phenylethanol m.s r.t
- Phenylethyl acetate m.s
5-Methyl-2-phenylhex-2-enal m.s r.t
m.s ,,,, mass spectrum ) Compared with
r,t relative retention volume ) authentic compounds*
The other major components of the cocoa condensate 
were acetylmethylcarbinol, butan-2,3-diol (2 isomers 
dl and meso?), butyrolactone, and 2-acetylpyrrole. 
Isovaleric acid and isobutyric acid were also present.
A representative chromatogram of the oocoa condensate is 
shown as figure 12.
A number of common components were present in 
the three systems of amino acid and glucose examined.
These included 2-furfural, 5-methyl 2-furfural, and a compound 
tentatively identified as methyl-furfuryl alcohol. 
5-Hydroxymethylfurfural was also identified by mass 
spectrometiy in the brown high boiling tars foimed 
during the reactions. The mass spectra of these 
described in the tables which conclude this section.
The distillate from leuclne-rlucose
In addition to the Strecker aldehyde, the 
dehydrated aldol previously discussed was the major 
product in the distillate obtained from this mixture.
Further interest in this compound was provided by 
the presence in this distillate of two minor components 
(LG-3 and LG4), which were isomeric with each other 
and with the dehydrated enal (LG5). It is tentatively 
suggested that these compounds were isomers of the 
unsaturated aldol. The mass spectra of these compounds 
indicated a closer relationship between them, than between 
these and the dehydrated aldol previously described 
(table 25).
A different type of structural relationship 
appeared to exist between three other minor components 
of this distillate (LG8 LG9 and LGll), Two of 
these (LG8 and LG9) gave rise to very similar mass 
spectra, the major pe ks of one difi ering by 14 units 
from the other. One of lie possible structures for the
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compound LG8, appeared to be that of an N-alkyl substituted 
pyrrole-2-aldehyde, analogous to a series of compounds 
isolated by Kato and Fu. j imaki11' from heated xylose-glucose 
mixtures*
The mass spectrum of the compound LGll, which 
was produced in greater amount when the leucine-glucose 
mixture was heated with disodium phosphate (pH 9) 
suggested a somewhat similar structure :-
A compound of this type could theoretically be produced 
by the decarboxylation and dehydration of a Schiff's 
base formed between leucine and gLucose.
These compounds were not apparently present 
in the basic material which could be isolated from the 
leucine-glucose distillate using a cation exchange resin.
A number of components were removed by this technique, 
including compounds with similar retention times to 
those of trimethyl and tetramethyl pyrazine. Unfortunately 
insufficient material was isolated for the mass spectral 
identification of these components, but alkyl pyrazines 
have been isolated from heated mixtures of simple amino 
acids and glucose at pH 9.01"*1,
The distillate fro; valine-glucose.
The distillate obtained from mixtures of valine 
and gLucose gave e very simple chromatogram which contained 
the Strecker aldehyde, and simple furans as the major 
peaks. No aldols or dehydrated aldols were present (see 
above). A further compound present in small amount, 
could have been an analogous N-alkenyl substituted 
acetyl pyrrole to -that described above.
Traces of pyrazines were again apparently 
present. .
The distillate from valine-glacose-eplcatechln
Incorporation of epicatechin into the valine- 
glucose mixture, resulted in a marked increase in the 
complexity of the resultant chromatograms.
2-furfural,5-methyl-2-furfural, 2-acetylfuran, furfury1 
alcohol and 5-methylfurfuryl alcohol were tentatively 
Identified in iiie distillate, by comparison of their 
retention volumes and mass spectra with authentic 
compounds. The increased concentrations of these compounds 
suggests that epicatechin is capable of increasing 
the glucose degradation in the mixture It may also 
have had the effect of reducing some of Ihe furfuraldehydes 
and preventing their further polymerisation. The compound 
VG-6 discussed above, a possible N-alkenyl substituted 
pyrrole was also present in this distillate.
On the basis of "this rather brief examination of 
the reaction products, it is possible to propose a very 
tentative hypothesis to explain the aroma scores obtained 
using these systems of amino acids and glucose (part one).
It would appear that three or possibly four 
groups of compounds, play an important role in the recognition 
of the aroma of chocolate. These are in the order of 
their possible importance.
a) Simple pyrazines. Trimethylpyrazine was probably
the most important representative of this group and 
tetramethylpyrazine of secondary importance. These 
compounds are present in cocoa, and are formed during 
amino acid-sugar^eactions, particularly when these involve 
simple amino acids1^1, Trimethylpyrazine has an aroma 
which is recognisable as a component of the chocolate 
aroma, and It was eluted in that area of the chromatogram 
of the natural cocoa condensate most easily recognisable
as having a cocoa aroma.
to) Simple fatty acids. Three acids are believed to be 
of particular importance, iso-valeric and iso-butyric acids 
and acetic acid. All three acids are present in cocoa 
in relatively large amounts, and were formed during the 
heating of mixtures of leucine-glucose (iso-valeric and 
acetic acids) and valine-glucose (iso-butyric and acetic 
acids). These compounds were apparently formed by the 
oxidation of the aldehydes produced by the Strecker degradation, 
and may also be produced during the oxidative conching 
of chocolate.
c) Enals (dehydrated aldols). It was these compounds 
which were believed to be largely responsible for the 
differences in aroma scores between the various model 
systems examined (part one).
The synthetic compound 5-methyl-2-phenyl-hex-2-enal 
has been reported to possess a deep persistant cocoa 
note126, and the present study has confirmed that this 
compound is a natur 1 cocoa component. This enal can 
be regarded as the dehydrated aldol condensation product 
formed by the cross condensation of the Strecker 
aldehydes produced from leucine and phenylalanine.
The aroma of the corresponding enal formed from 
leucine alone was ‘fruity1 and it was postulated that 
this was sufficiently similar to the aroma of 5-methyl-2- 
phenyl-hexenal to account for the score obtained for the 
heated leucine-glucose mixture.
Since no corresponding enal was formed by heating 
valine-glucose the aroma of this sample, which would 
of course still contain contributions from pyrazines 
and fatty acids, would be predictably lower.
The enhancement of the aroma score of the valine- 
glucose mixture in the presence of epicatechin was then 
postulated as arising from the formation of a phenyl 
substituted enal in this system, the phenyl moiety
of which derived from the epicatechin.
d) Fur anones
It was considered that furans and furanones 
were also fanned in all the systems examined (see 
introductory survey), and these may have contributed 
a secondary caramel-confectionary type aroma to all the 
products.
Attempts to verify this hypothesis experimentally 
proved unsuccessful, A series of chromatographic studies 
of the products of heated mixtures of valine-glucose and 
epicatechin failed to produce any evidence for the form­
ation of enals or similar compounds in this material.
The methods used in this attempt included gas chromato­
graphic examination of the 'high boiling* portions of 
the distillates, similar studies after solvent extractions 
of the heated residue, and examination of the whole 
mixture after trimethylsilylation.
The results were disappointing, and suggested that 
the enals are less important to the recognition of 
chocolate aroma than previously suspected. However, 
this does not detract from the apparent importance of 
the pyrazines and fatty acids in this context, and may 
in fact increase the apparent importance of furanic 
derivatives. These compounds were certainly formed in 
greater amount in the presence of epicatechin, and may 
well have increased the confectionary associations of 
the aromas.
CONCLUSIONS
The question '’what is the nature of chocolate 
aroma?" is deceptively simple end direct, and at the
present time can only be answered in terms which qualify 
or redefine the original question. There are many 
reasons for this, and basically these all reflect the lack 
of understanding of the physiology of flavour response. 
During the course of the present study, a number of 
subeidary questions have been examined, all of which have 
some be .ring on this central theme. Additi. onally an 
attempt has been made to explain the way in which the 
aroma is developed during cocoa processing, and to relate 
the reactions of the possible precursor systems to the 
various stages involved,
A large number of factors are involved in the 
production of the aroma, and the interplay between them 
is complex. These factas, chemical, physical and 
enviromental are seen as a legacy of ihe conditions 
within the growing beans, which continue to direct the 
course of the reactions during processing. Their 
recognition, and the understanding of the way in which 
they are related, must form an essential part of any 
attempt to modify or optimise the production of 
choelate aroma.
The aroma itself, is an individual and subjective 
sensory response to an olfactory stimulus, and its 
recognition may rely on psychological end physical factors, 
in addition to requiring the presence of certain types 
of chemical compounds. Since different types of choco - 
late products differ in their total aroma effect, the 
emphasis of the present study was laid on those compounds 
necessary for the recognition of the primary aroma.
Of the veiy many chemical reactions, which can 
occur dtring cocoa bean roasting, it would appear that 
the reactions of amino acids and reducing sugars have 
the greatest influence on the production of the primary 
aroma characteristics. These reactions may be favourably 
modified, in a manner which is at present uncertain by 
the flavanoids of the beans.
The overall picture of chocolate aroma development 
which emerges from these studies is far from complete, but 
would seem to suggest that the various stages of cocoa 
processing all serve to provide the optimum conditions 
for the production and reaction of amino acids and 
reducing sugars. Three distinct features of cocoa process­
ing support this hypothesis; the formation of these compounds 
during fermentation, their mixing in the fluid which 
develops during this process, and -their reaction during 
roasting.
It is extremely difficult to define the optimum 
conditions of cocoa aroma production, but it would appear 
that these coincide, at least in part, with the conditions 
necessary for the optimum formation and reaction of amino 
acids. Thus -the maximal concentration of amino acids 
and reducing sugars in the fermenting beans has been 
observed to approximately coincide with the normally 
accepted duration of this process^'^, Similarly the 
mechanism for the mixing of the components of the 
fermenting beans which has been described in this thesis, 
also favours the reactions of the amino acids and sugars.
It has also been observed that a temperature of 140-150°q
maintained for some 30 minutes, will enable the reaction 
of the amino acids and glucose to take place to as great 
an extent as possible without allowing undue thermal 
degradation of glucose to occur. These conditions 
are very similar to those used in the production of the 
basic chocolate products.
The role of oonching may also be explained in 
similar terms, if it is accepted that a mild and prolonged 
oxidative post-roasting stage is necessary to reduce the 
astringency of the necessary residual polyphenols 
and to modify the sharply aldehydic products of the
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Strecker degradation, by oxidising these to the 
corresponding fatty acids.
It is implicit in this hypothesis, that those 
amino acids present in greatest amount should make the 
greatest contribution to the aroma, and that the products 
of "the reaction of these acids should make a recognisable 
contribution. This has again been forne out to some 
extent in the present study.
The major products of the natural cocoa condensate 
could largely be attributed to amino acid-sugar reactions 
and those systems which could apparently produce the 
substances necessary for the recognition of chocolate 
aroma consisted of the principal amino acids of the beans. 
Similarly, epicatechin the major flavanoid of the beans, 
enhanced the aroma effect.
The position with regard to the important products 
of the reactions was far less satisfactory, and will 
obviously require a much more extensive study. The 
principal difficulty is that all the components of the 
roasted beans make some contribution to the aroma, and 
the problem becomes one of the extent of the contribution 
of individual compounds.
A number of types of compound which could contribute 
to the primary aroma have been examined, and of the 
four types of compound which are apparently implicated, 
two, the pyrazines and the fatty acids appear to have 
special significance. It would, however, be quite 
wrong to infer at this stage that these compounds are 
responsible for the aroma of chocolate products, since 
other more important compounds may at present remain 
unrecognised. All that can be claimed at this stage
is that such compounds may play some role in the 
recognition of the aroma.
Obviously, thi s is long way fran the original 
Objectives of this study, and the aroma of chocolate 
still remains a mystery. Nevertheless, it is perhaps 
fair to claim that a pattern is slowly emerging, which 
may eventually lead to a deeper understanding of the 
development of chaDolate aroma, and which may also 
be of some significance to aroma studies in other 
heated foods.
The other factor which emerges from this study, 
is the need to appreciate the physical and enviromental 
restraints to reaction which occur in heterogenous systems 
of the type -v&ich are present in foodstuffs of natural 
origin. These restrictions may play an important role 
in the natural control of aroma development, but 
nevertheless present a considerable obstacle to its 
control by the manufacturer, who would obviously find 
it easier to provide uniform reaction conditions through­
out a homogenous product.
The necessary lack of homogeneity of the components 
of cocoa beans, throughout all stages of processirg appears 
to be the greatest stumbling block to the control of 
aroma development, in that whatever conditions are 
imposed on the beans externally, it is the internal and 
largely unpredictable effects which are most important.
For this reason the production of a uniform basic 
cocoa bean is required from the grower, and a method of 
applying standard conditions of reaction required by 
the processor. The study of methods of achieving 
these ends, is thus a necessary part of any attempt to 
control the development of chocolate aroma.
Much of -the information pres nted in this 
thesis has been previously published in the scientific 
press, and in a series of confidential circulars to 
members of the British Food Manufacturers Research 
Association who supported this study. A provisional 
British patent has been taken out by this association 
regarding ihe formation of chocolate aroma by systems 
of amino acids, gLucose and flavanoids.
lable ,21
Chromatographic and mass spectral data for the components 
of the natural cocoa aroma concentrate
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Component CA1 CA2 CA3 CA4
Retention
timemina 29 39 60 71
Peak Area^ 400 60 144 430
Hass 
spectrum m/ec Ad m/e A m/e A m/e A
45(B) 42fB) 54(B) 106(B)
43 211 122 500 136 700 105 981
15 155 39 286 43 561 77 620
27 133 40 179 39 460 43 230
86 110 81 175 53 460 44 222
29 66 44 142 27 187 45 181
19 44 43 142 45 180 51 162
42 35 27 140 52 75 50 91
44 35 54 80 95 75 27 80
41 75 51 63 29 63
Molecular
ion 88 122 136 106
Identity Acetyl Trimethyl Tetra- Benzal-
methyl pyrazine6 methyl dehyde®
carbinole pyrazine®
122.
Table 23 (continued)
Component 
Retention 
time min
Peak Area
Molecular
ion
CA5 CA6 CA7 CA8 CA9
92 95 104 120 130
600 660 240 10 75
m/e A m/e A m/e A m/e A m/e A
43(B) 43(B) 28(B) 91(B) 104(B)
45 441 45 441 42 515 1£0 840 43 835
28 195 28 195 29 305 92 831 91 229
88 153 88 153 43 288 65 720 105 134
29 122 29 122 41 243 42 506 77 86
27 98 27 98 27 182 39 341 65 86
44 86 44 86 36 151 17 212 44 86
17 74 17 74 56 151 29 91 78 72
72 67 72 67 32 76 41 73 51 72
55 61 55 61 44 30 27 51 39 72
90 90 86 120 164
Identity Isomers of 
Butan-2-3-Biole
'Y -Butyro- 
lactone6
Phenyl
ethanal6
Phenyl
ethyl
acetate
?
table 23 (continued!
Component CA10 CA11
Retention
time min 141 148
Peak Area 64 35
Mass Spectrum m/e A m/e A
91 43
92 555 94 945
122 472 122 738
65 250 66 665
39 222 39 553
51 195 41 430
29 195 65 180
31 80 55 153
43 63 57 90
77 63
Molecular ion 122 109
Identity Phenyl Acetyl
ethanol6 pyrrole6
a... Retention time on S.C.O.I. column under conditions 
described in experimental section.
b... Relative values
c... m/e mass to charge ratio of ions foimed
d... A relative abundance of ions, base peak taken as 
1000.
e... Identified by comparison with authentic compound
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Table 24. The Volatile Products from 
valine-glucose.
Code VC-1 VG-3 VG-4 VG-5 VG-6
R.T.min2, 78 97 110 120 154
Area"*3 77 44 5 75 15 :
M/e A m/e A m/e A m/c
—
3 A m/e A
26(b ) 110(B) 43(B) 24(B) ’43(B)
95 109 880 41 • 575 43 725 143 500
39 53 782 27 440 40 545 39 500
3S 43 332 42 372 39 528 27 454
29 27 2S0 56 372 65 436 41 336
43 '44 232 39 292 41 364 120 365
37 51 205 44 289 51 345 29 309
67 39 200 82 272 66 327 . 94 273
97 29 175 55 254 44 274 44 250
40 81 163 97 237 50 274 55 249
182 188 163 204
Molecular 96 110 183 94,112?' 163
ion
Identity Furfural0 Methyl of VFG-8a of LG-10 of VEG-10'
Furfural0 VEG-9
a... Retention time, on S.C.O.T. column under conditions 
described in the experimental section.
b... Relative values of peak areas.
c... identified by comparison with authentic compound.
The Volatile Products from Leucine-G-lucose.
Table 25.
Code LG-1 LG-3 LG-4 LG-5 LG-6
R.T mina 6 35 37 59 81
Area0 >2000 225 ' 125 >2000 21
m/e A m/ e A m/e A m/e A m/ e
41(B) 137(B) 69(B) 43(B) 16(B)
31 69 980 41 755 41 875 95
44 41 730 137 735 69 730 39
43 43 713 43 612 97 665 38
29 55 419 55 450 55 562 29
27 111 410 39 , 347 111 516 43
39 97 321 111 306 39 396 37
45 39 303 97 285 139 382 67
58 27 285 27 285 27 370 97
28 67 242 67 215 137 320
Molecular 86 154 • 154 154 96
ion
Identity iso-valer isomers of 3
aldehyde0 dehydrated aldol?
* Strecker 
Aldehyde'
B
dehydrated 
aldol
2-fur fur al°
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Table 25 (continued)
Code LC-7 LC-8 LC-9 LG-10 LG-11
R.l.mina 95 98 109 120 150
Area"0 18 110 48 81 48
m/e A m/e A m/e A m/e A m/e A
110(B) 123(3) 122(B) 94(3) 134(3)
109 880 164 942 147 980 43 800 43 838
53 782 118 865 94 910 95 632 41 838
43 332 94 668 178 820 41 533 . 69 605
27 280 80 590 41 548 66 484 94 580
44 232 41 472 108 510 39 475 55 558
51 205 112 432 193 418 65 450 57 532
39 200 43 432 43 384 112 434 120 512
29 175 81 394 95 364 40 418 44 488
81 163 27 275 44 160 97 400 39 465
Molecular 110 179 193 112 177
ion
Identity 5 methyl 
furfural0
a... Retention time on S.C.Q.f. column under conditions described
in the experimental section.
b... Relative peak areas.
c... Identified by comparison with authentic compound.
Table 26.
The Volatile Products from Valine-Glucose-Bnicatechin.
Code VFGl VSG-2 VEG-4 VEG-5 VEG-6
R.T.mina 65 78 86 87 98
Area*3 190 360 40 125 180 Fresh
m/e A m/ e A m/ e A m/e A m/e A
43(B) 96(B) 95(3) 43(3) 110(B)
41 665 95 930 43 665 55 965 109 895
42 459 39 890 44 520 41 945 53 789
57 416 38 300 110 404 44 755 43 334
44 416 29 285 39 385 82 653 27 282
55 375 43 198 29 270 39 516 44 235
39 312 37 190 45 • 250 29 449 51 .205
85 282 67 173 41 250 27 412 39 209
27 270 97 80 14 93 42 - 310 29 181
70 250 40 75 57- 27 6 81 167
29 250 125 242
112 228 108 242
Molecular 96 110 110
ion
Identity Furfural0 Acetyl Methyl
Furan0 Furfural0
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Table 26 (continued)
Code VSC-7 VEC-8 TEG9 VEG-10 VEGSa
R.T.mina 100 109 116 132 111
Areab 180-- ■ 152 480 270 Fresh
m/e A m/e A m/e A m/e A m/e A
42(B) 43(B) 94(B) 148(B) 43(B)
96 1000 44 880 43 541 120 580 184 745
68 832 41 840 39 395 165 465 41 712
39 600 42 540 65 375 43 395 97 641
40 550 52 500 66 334 94 302 82 641
54 535 28 442 40 302 39 302 56 641
26 500 29 442 55 292 95 292 42 • 570
. 43 434 55 400 51 281 55 169 96 427
44 430 28 400 44 272 53 162 55 392
53 265 45 360 41 260 80 162 162 374
Molecular 98 112 163 184
ion
Identity furfury1 cj LG-10 cf VC-6 cf VC-4
alcohol0 VC-5 LG-11
methyl s'
furfuryl
alcohol
?
a... Retention time (min) on S.0.01T. column under the conditions 
described in the experimental section.
b... Relative peak areas.
c... Identified by comparison with authentic compound.
m
SXPDRItffiKTAL 
Tho rectlooa of th. aroma precur»or»
Th» of tewp.ratuar» on tho r«action
Shell-free fermented Accra cocoa beans were ground 
to a fine powder in a coffee mill,and the powder was shaker 
with methanol (60$ in water 2L) at 50*C. The insoluble 
residue was removed by filtration and tho filtrate freed 
from methanol on a rotary evaporator at 50°C, The aqueous 
residue was concentrated by freeze-drying,and was dialysed 
against distilled water through Visklng sausage easing.
The diffusate was freeze-dried and the residue (22,5g) 
was stored over in a vacuum desiccator.
Portions of this extract of known weight (ca 50mg)
were roasted in email flasks, Immersed in a thermostatically
controlled oil bath,at temperatures of 50,100,120 end 150°C
for periods of time varying up to two hours. After roasting
the free amino acid contents were determined by the method
168of van Slyke at al ,and the reducing sugar contents were
177determined by the method of Somogyi • Tho unheatod extracts 
wero similarly analysed for amino acids and sugars,
Model systems of authentic amino acids and glucose wero 
prepared by grinding the dry components together in a mortar, 
Model systems were also prepared by mixing aqeous solutions 
of these components,which were dehydrated by freeze-drying 
Immediately after solution had boon effected, Tho former 
method was used to prepare mixtures of single amino acids 
and glucose in the ratio 2:1 It, and a composite system of 
amino acids (tabic ) and sugars similar In composition 
to that found in cocoa beans (total amino acids ; glucose : 
fructose : sucrose :: 0,6 : 1,0 : 1,0 : 1,0 w/w).
The effects of acids and salts on the degradation
An alanine/glucose mixture (2:1 M) was divided 
into 6 equal portions. One portion was added to an 
equal wei^it of each of the following:
l) Citric acid 2) Succinic acid
3) Trisodium citrate 4) Disodium citrate
5) A solid buffer mixture of citric acid 
and trisodium citrate (pH 4.55 in 1# 
aqueous solution)
6) Sodium sulphate.
The six samples were stored over a saturated 
solution of lithium chloride (E.R.H, 11.5# with a small 
temperature coefficient) for several days before 
heating, to allow them to equilibriate with the vapour. 
Weighed aliquots of each mixture (ca 0.1 g) were heated 
for 15, 3°* 60, 90 and 120 min, respectively, at 120°C 
by immersing flasks containing -the mixtures in a 
thermostated oil baih at this temperature. After 
reaction, the mixtures were rapidly cooled and 10 ml 
of water was added to each. The pH of these solutions 
was measured, and their alanine contents were determined 
as described above.
Portions of an alanine-gluco se mixture (1:2 M) 
were similarly heated, and examined in the same way as 
control samples for "the acid mixtures above.
Oitric acid (0.1,0.075,0.05,0.025 anl O.Olg) 
was similarly added to 0.1 g portions of a dry mixture 
of alanine-glucose. These mixtures were again stored 
over saturated lithium chloride solution, and were 
heated for 60 min at 120°C. The degradation of alanine 
in these mixtures was determined as previously described.
Citric acid, trisodium citrate and sodium sulphate 
(l.Og) were separately mixed with authentic glucose 
(l.Og) and the glucose degradation after heating for 
60 min at 120°C, determined as previously.
The, acidic products of -the glucose-alanine reaction
Glucose-alanine (2 g of a 2il M mixture) was 
heated for 30 min at 120°C, and after reaction was 
dissolved in water (20 ml) and passed through a column 
containing lOg of the anion exchange resin, Amberlite 
IR 4B (OH), The column was washed with water (100 ml), 
and the adsorbed material eluted with ammonia 
solution (2 N), which was collected until the pH of 
the effluent reached 10 units. The eluted material 
was acidified with IIC1 , and fc*eeze-dr5.ed. Small 
portions of the freeze dried acids were dissolved in the 
minimum of water and were chromatographed on thin- 
layer sheets (Eastman (Chromogram * Silica gel sheets). 
Three solvents were used with an ascending technicale. 
These were n-butanol acetic acid, water (60:15:25 v/v) 
ethanol, 0.880 ammonia (80:20 v/v) and methanol :
5N ammonia (80:20 v/v).
The sheets were air-dried, and the acids were 
located by spraying with solutions of bromophenol blue 
(i% in methanol, made just alkaline with ^ 200 )^ ,2.4 
dinitrophenylhydrazine (saturated solution in EtOH/HCl 
50/50 v/v) and ninhydrin (l% in acetone).
Authentic keto-acid: were run under similar 
conditions as control samples (table 15).
-4ElFlu_ence ,Qf.,. he. ratio, of r/:p,ct&ntff. on the,
I  7Q
Dry mixtures of alanine-gLucose with molar ratios
of l:5»li2,l:l,2sl respectively, were prepared and 
brought to a uniform activity of water as described 
above* These mixtures were then heated for various 
times at 120°g and the extent of alanine degration 
which occurred was determined as previously described. 
The molar percentage of alanine degraded in each mixture 
was calculated.
Aqueous solutions of -the products obtained by 
heating these mixtures were chromatographed on paper 
using a series of solvents (table 1 7) to confirm that 
unreacted alanine remained in the mixtures. Similar 
chromatograms were developed with aniline phosphate 
(equal volumes of 1$ aniline in acetone & 9$ 
orthophosphoric acid in water) to confirm that sugar 
remained in the mixtures. Portions of these solutions 
were also examined using a Technicon amino acid 
autoanalyser.
Solid state amino acid-glucose reactions.
Samples of A.R. gLucose, a mixture of gLucose 
with citric acid (l;500 w/w) and glue ose-alanine 
(is500 w/w) were prepared by mixing the dry components, 
and these were equilibriated with water vapour in 1he 
usual manner. Aliquots of these mixtures (0.10 g) were 
heated at temperatures of 130,140,150 and 160°C for 
periods of 5,15*30,60,90 and 120 min respectively. 
Unreacted glucose was converted to its trimethylsilyl 
derivatives by the addition of pyridine (l ml) 
hexamethyldisilazane (0.9 ml) and trifluoracetic acid 
(0.1 ml) to the reaction products. Aliquots of the 
resultant solution (1 /*-l) were directly injected into 
a Pye series 104 gas chromatograph, containing a 5 foot 
column packed with 5$ LE.52 on silanised celite.
This was temperature programmed from 120 to 200°C at
4°C/min, with a nitrogen flow rate of 33 ml/min. 
Replicate determinations were made, and the glucose
degradation was determined by measuring the peak area
of the c* and P pyranose isomers of the 
trimethylsilylated glucose. This method was essentially
similar to a method of glucose determination 
originally described by Brobst and Lott1^,
The redistribution of the components of the solid state 
reaction.
Accurately weighed aliquots of an alanine-gluco se 
mixture (O.lg, 1:1 M) were he ted at 12Q°C, for 15,30,
60 and 90 min respectively. Replicates of the mixtures 
which had been heated for 30 min, were dissolved in 
the minimum of water and freeze-dried. These samples 
were tbaa heated at 120°C for a further 15,30,60 and 90 
min, and this process was repeated using Hie 30 min 
samples of the second heating. In addition mixtures 
which had been heated for 30 min at 120°C, were heated 
for a further period of 5 or 10 min at 150°C (i.e. 
in the liquid phase).
In each case the extent of amino acid degradation
168was determined using 1he method of van Slyke et al 
The re ction of epicatechin in valine-^lucose mixtures
Accurately weighed aliquots (O.lg) of mixtures 
of valine-glucose-epicatechin (1 :1 :1 M), were heated for 
periods of 0-60 min at 150°C, in glass tubes fitted with 
air condensers. After reaction the cooled products were 
dissolved in water (10 ml) and the solutions were 
filtered. Portions of the filtrates (200^1) were 
chromatographed by the ascending technique on sheets of 
‘Whatman 3mm* paper. Water was used as the irrigating 
solvent and was allowed to run to a height of 15 cm 
from the base line. The position of the epicatechin 
spot was then confixmed by locating its position on 
marker strips cut frcm the same sheet, and developed 
with Barton's reagent (see part one). The appropriate
m ,
strips (1-9 can fran the origin) were cut from the 
paper and the epicatechin was extracted by macerating 
these strips with 1$ H2SO4 solution (10 ml). After 
thorough mixing, the paper was allowed to settle and 
portions of the solution were filtered into standard 
curvettes for measurement of their u.v. spectra with 
a Unicam BP 800 spectrometer.
The u.v. spectra of standard solutions of 
epicatechin prepared in the same way were used to obtain 
a calibration curve, based on the absorbance maxima 
shown by these solutions at 280 nm. This standard 
curve appeared to obey Beer's law, and was used to 
determine the extent of epicatechin degration, in the 
heated mixtures.
Aliquots of an epicatechin-valine mixture 
(ill M) were similarly heated and 1he epicatechin 
degradation was determined in the same way.
These mixtures were also distilled in a high 
vacuum apparatus (see later description of the technique), 
and the non-volatile residues frcm the distillations 
were extracted with ether. The brown coloured ether 
extracts were concentrated by rotary evaporation and 
were chromatographed on Whatmans No.l paper using 
two different irrigating solvents (table 19).
Attempts to separate these products on a 
sufficient scale for rechromatography proved unsuccessful.
The reaction products 
Preliminary examinations
Dry mixtures of valine with glucose, man nose,
fructose sucrose, xylose and diacetyl were prepared 
in the usual way and were roasted as follows.
Small samples of the solid reactants (10 mg) 
were supported in a small-bore stainless steel tube 
(8 inch long, i inch i.d.) by a stainless steel 
gauze plug. The tube could be heated to any 
specified temperature, by applying a known hi$i amperage 
electric current, across previously calibrated sections 
of Hie tube. The tube immediately below Hie sample 
retaining plug was packed with a small amount of celite 
(30-60 mesh). This was held in position by a further 
roll of stainless gauze, which protruded from the end 
of the tube to facilitate its removal. The tube 
was heated across a point just below the sample- 
retaining plug to just above the level of the solid 
sample, and under normal running conditions the temper­
ature fell quite sharply outside this zone.
The lower section of Hie tube was surrounded by 
a cooling jacket, which could be filled with acetone/ 
solid C02 to chill the celite. Nitrogen gas could also 
be fed through the tube froA the sample to this celite 
layer.
When the tube had been filled with sample, it was 
clamped in a vertical position, and heated to 140°C 
for 5 min. After this period, a flow of nitrogen gas 
(100 ml/min) through the tube was started, and heating 
was continued under these conditions for a further 25 min. 
The celite was chilled throughout Hie heating period.
After roastiigin this manner, the heating was 
switched off, the nitrogen flow was reduced to a 
trickle and the cooled section was allowed to waim-up 
for 5 min. The celite was then removed in a small sealed 
vessel and rapidly transferred to the top of a gas
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chromatographic column in a 2 ye Argon chromatograph, 
which was held at 75°C. The gas flow through this column 
was immediately replaced and maintained at 100 ml/min.
The 4 ft column used was packed with 10% polyethylene 
glycol on celite (30-60 mesh) and after running for 30 
min at 75°C, the temperature of the column (which had no 
provision for temperature programming) was increased to 
180°C using the boast heater. The chromatography was 
continued at this temperature.
Methyl laurate was used as a market compound 
in these studies, and was added, as a 10% solution in 
ether (0.1 ^ l) to the celite immediately before this 
was added to "the column.
Gas chromatography-mass spectral examination of the reaction,. 
Products.
Mixtures of glucose with leucine or valine 
(1:1 M) respectively, were heated and distilled in the 
following manner in a higgi vacuum distillation 
apparatus of all-glass construction.
The dry materials were placed in a small flask 
which was connected by a relatively short, wide-bore 
side-arm to a small trap cooled in liquid nitrogen.
The outlet from this trap, was connected throu^i two 
further larger traps to a high vacuum rotary pump.
The vacuum line also contained a pirani gauge, and 
a tap, close to the pump, which could be used to vent 
the system to “Hie atmosphere. Heating was effected by 
raising a thermo stated oil bath to surround the sample 
flask, and the connecting piece between this flask and 
the first trap was lagged with asbestos string.
With the sample In position, Hie traps were filled 
with liquid nitrogen, and the sample flask was heated for 
5 min at atmospheric pressure. After this period, the 
tap was closed and ihe system quickly reached a vacuum of 
0.002 Torr or better, as pumping was commenced. Heating 
was continued under these conditions for a further 25 min 
The first trap, retained virtually all the volatile 
material•
At the end of the heating period, this trap was 
removed and partially sealed with a stopper containing a 
capillary leak. This leak was necessary, since large 
volumes of C02 were released as the contents of the 
trap warmed up,
When the solid mixtures were heated in this way 
at 140°C, the reaction was largely confined to those 
portions of the sample close to the walls of the heated 
vessel. This was overcome by increasing the temperature 
of distillation to 150°C to melt the mixtures in the 
flask. Under these conditions, much frothing occurred 
and it was necessary to increase the size of the 
sample vesseL. It was also necessary to manually 
regulate the vacuum during the initial stages of 
pumping to retain the froth within the sample vessel.
This resulted in much greater yields of distillate and 
was used in all later distillations.
The distillates obtained from mixtures of 
amino acids and glucose in this way were treated as 
follows:
a) Portions of the freshly distilled organic 
and aqueous layers were separately chromatographed, 
using the conditions described below.
b) Portions of the distillates were stored in
sealed ampoules, with and without additions of solid 
epicatechin, and di ran at o graphed at hourly intervals.
c) Portions of the distillates were homogenised 
by dropwise addition of methanol until a single phase 
was obtained, and similarly examined.
Aliquots o f these materials were chromatographed 
(20y^l) using a Pye series 104 chromatogram containing 
a column (18 ft x 4 mm i.d) packed wilh 5$ polyethylene 
glycol adipate on celite (80-100 mesh). Nitrogen 
was us ed as a carrier gas wiih a flow rate of 60 ml/min, 
and a conventional flame ionisation detector was 
employed. The column was run bolii isothemally at 
120°C, or was programmed by holding for an initial 
10 min at 70°C, and then increasing the temperature to 
180°C at 2°C/min.
The aromasof the chromatographic components were 
assessed as they emerged frora pre-detector effluent 
splitter. Alternately, these components were trapped 
by passiig the effluents through a hypodermic needle 
connected directly to the splitter outlet, and cooled 
with liquid nitrogen. Single components collected 
in this way were examined by pumping with a syringe 
the contents of the needle directly into the heated 
inlet of another nalytical gas chromatogram,
The mass spectra of samples obtained in this way 
were also examined using a gas chromatogram linked 
to a mass spectrometer. The instrument used was a 
Perkin-Blmer Fll gas chromatograph linked to a Perkin- 
Elmer/Mitachi R.M.U.6 mass spectrometer. Standard 
conditions were established in order to compare gas 
chromatographic retention volumes, on a support-coated 
open tubular (SCOT) column (5oft. coated with 5$ 
car bo wax 20 M). This was temperature programmed from
70 - 170°q at 2°C/min, after an initial isothermal 
period of 10 min. at 70°C, Helium was used as the 
carrier gas, with an inlet pressure of 5 lbs/sq.in.
A packed column (2 m) containing 5% diethylene 
glycol adipate on 80-100 mesh chromosorb W was also 
used with the same temperature programme, but with 
a Helium inlet pressure of 20 lbs/sq.in.
All chromatographic peaks of sufficient size 
were scanned using ihe maximum sensitivity settings 
of the R.M.U.6 mass spectrometer. A number of 
authentic pyrazines, furans and pyrroles were examined 
under similar conditions, in order to compare their 
retention volumes and mass s ectra with the components 
of the distillates.
The oxidation of the Strecker aldehydes.
Portions of the volatile oils formed by distilling 
mixtures of leucine or volume with gLucose (lsl M) in 
the manner described above, were sealed in smaLl glass 
ampoules. These ampoules whoa sealed also contained 
relatively large volumes of air. Similar ampoules 
were prepared containing portions of Ihe oil and an 
approximately equal amount of authentic epicatechin.
Aliquots (lyd ) of the oils stored in this 
way were chromatographed on a Pye 104 chromatograph 
using the conditions described above, and the peak 
areas of the acids formed by oxidation of the 
Strecker aldehydes were measured. Samples of the 
freshly distrilled oils and those which had been 
stored for periods of 1 - 25 hours were examined in 
this way.
The following technique was designed to remove
the acids from portions of the distillates, without 
diluting them, and was carried out prior to the 
examination of all subsequent distillates.
a) The distillate (20 uS ) was introduced by hypodermic 
syringe into Hie bottom of an ignition tube
(0,5 x 80 mm) which had been drawn to a capillary 
restriction, approximately half-way up the tube,
b) A solution of sodium carbonate (ca 100 of a 10# * 
aqueous solution) was similarly added, and the 
mixture shaken by tapping with a finger. The 
constriction tended to prevent loss during 
mixing,
c) Further carbonate solution was then added to 
displace the upper organic layer into the 
capillary restriction, whence it could be 
removed by hypodermic needle for analysis.
All Hie distillates were re-examined after using 
this technique, and greatly imporved chromatograms were 
obtained,
Aldol Condensation.
Mixtures of glucose and leucine, iso-leucine 
and nor-leucine respectively, (1:1 H) were prepared, 
distilled and examined using the techniques described 
above•
Comparison of ihe volatile products of the possible 
precursor systems.
A natural cocoa aroma concentrate was obtained 
by dichloromethane extraction of the aqueous distillate 
formed by roasting Accra cocoa beans on the pilot scale.
The dichloromethane extract was concentrated by removal
.186
of the solvent in a rotary evaporator, and had a good, 
somewhat acidic, chocolate aroma. This concentrate 
was examined under the gas chromatographic conditions 
described above, both before and after the removal 
of its acidic components.
The separation of the basic components from distillates.
A small quantity of a cation exchange resin 
(ca 0.2g Amberlite IR.120 (H)) was washed wiih water and 
ether, successively, in a tube similar to that used for 
the removal of the acids from the distillates (see 
above), a syringe was used for adding and removing 
the wash liquors, and stirring was affected by rapidly 
adding and removing "the solvents. After repeated 
washing of the resin, portions of the distillates 
(ca 50 /D ) were added, the mixture shaken, and allowed 
to stand for JO mins. The distillates were then 
removed and the resin again washed with ether and water.
Ether (lOyal) was added to the resin, followed by 
an aqueous solution of sodium carbonate (ca lQCy*) 10% 
solution), to liberate the basic components which had 
been adsorbed. After effervescence had ceased, further 
carbonate solution was added to displace the upper 
ether layer into the constricted section of the tube, 
whence portions were removed for G.C/M.S. examination. 
This technique was applied to the distillates from 
the amino acid-sugar mixtures and also to ether extracts 
of the natural cocoa condensate.
’High boiling* components of the natural cocoa 
aroma condensate, and the amino acid-glucose distillates 
were examined using the Perkin-Blmer/Hitachi linked 
gas chromatograph-mass spectrometer, under the following 
conditions. The samples (2 ) were chromatographed
on a packed column (2 m) of 15$ Carbowax 20 M 
on Chromosorb W (80-100 mesh), using helium as a 
carrier gas (inlet pressure 20 lbs/sq.in.). The 
column was maintained isotherraally at 170°CJ. The 
heated line connecting the chromatograph with the 
mass spectrometer, and the pre-source oven temperature 
were raised to their maximum operating temperature 
(200°C) during this examination, to prevent possible 
condensation of iiie effluent.
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I n  t h e  d r y  s t a t e s  1 .  T h e  e f f e c t  o f  
t h e  a c t i v i t y  o f  w a t e r  o f  PH a n d  
t e m p e r  t u r e  o n  t h e  p r i m a r y  r e a c t i o n  
b e t w e e n  c a s e i n  an d  G l u c o s e "  D lo c h e o u  
B l o p h y a .  A c t e  1  3 1 3 - 2 5 *
1 7 1  B r o n o t e d  J . N .  ft u g g e r ih c i r a  H .& . 1 9 2 7  " T h e o r y  o f  e i d  a n d
B a s i c  C a t a l y s i s ,  T he M u t a r d h t o i o n  
o f  3 l u e o s e " .  J *  Am. ^ h e n .R o c .  4 2 .  
2 5 5 4 - 0 4 .
1 7 2  C r a n d c h n m p -C h a u d u n  A . 1 9 5 8  " I n f l u e n c e  o f  the S o l v i t  o n
t h e  m u t a r o t a t i o u  o f  S u g a r s .  C a n e  o f  
& e u t r * l  S a l t s "  C o m p t .  R e n d . 2 4 4  
1 5 6 4 .
1 7 3  T a l l e y  E .  A .  ft P o r t e r  W.L. 1 9 6 8  "N ew  Q u a n t i t a t i v e  A p p r o a c h
t o  t h e  s t u d  s' o f  N o n e n z y m a t ic  an o w n ln g "
J .  A g r l o .  F d .  C h « a .  2 6 2 - 4 .
1 7 4  L o r a n t  B ,  1 9 6 8  " I h e  t h e r m  n l  d e g r a d a t i o n  o f  c o f f e e
a n d  c o c o a  c o n s t i t u e n t s  o f  i n t e r e s t  t o  
t h e  f o o d  i n d u s t r y "  Im h r u n g  X I  ( *  ) »  
3 5 1 - 3 5 6 .
1 1 9  v 1 9 6 7  " T h e r m a l  d e c o m p o s i t i o n  o f  D - g l u e o o o  I t
c a t a l y t i c  e f f e c t  o f  g l a s s  s u r f a c e s . "  
M e g y . K c a .  F o l y . ,  Jl»  U > »  1 - 4 .
1 7 6  J u n k  c .  ft  3 v e o .  I  1 9 6 3  " T h e  iknBB  S p e c t r a  o f  A m in o Acids''
J . A a .C h e m .3 o c .  J J J  ( 7 ) ,  8 3  •
177 P a t t e r s o n ,  S . J .  a n d  S a v a g e ,  & . X . ,  ( 1 9 5 7 ) *  'U s e  o f  s e l e c t i v e
d e s c r i p t i o n  from c  a r b o n  tor t h e  
d e t e r m i n a t i o n  o f  d e x t r o s e  a n d  m a l t o s e  
i n  s t a r c h  c o n v e r s i o n  p r o d u c t s ' .
A n a l y s t .  82. 812.
